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SUMMARY 
Substomatal ion-adsorbent bodies are reported on here for 
* the first time A brief survey of th~ plant kingdom suggests that 
the structures are mainly restricted to the Commelinaceae and Filicales 
although analogous structures way occur in other plant groups. 
Hicro'3copical studies indicate that the bodies have a solid external 
aspect, a hollow lumen, and are situated extracellularly. In 
Polypodium, the bodies are narrouly attached to the lo~1er periclinal 
~1alls in the polar regions of the guard cell complex, whilst in 
Tradesc::l.ntia they are located in the intercellular space between the 
poles of the complex and the adjacent subsidiary cells. In both 
genera, the body is covered by the endocuticle which can be distended 
into a substomatal sac by the body pressing against it.· The 
endocuticle, in the immediate vicinity ·of the bodies, is modified 
into a series of hollow trabeculae which are considered to be 
important apoplastic pathHays. The bodies are formed at an early 
stage of stomatal ontogeny from the migration of outer elements of the 
lo~mr periclinal uall of the guard-cell mother-cell to both poles of 
the eventual guard cell complex. 'l'he tlalls of the body are believed 
to be highly pectinaceous and capable of adsorbing a wide variety of 
ions non-selectively. Preliminary X-ray microanalyses suggest that 
the bodies may be involved in potassium fluxes associated with 
stomatal movements. 
Ultrastructural studies of immature Polypodiu~ guard cells 
resulted in the erection of a hypothetical model for stoma formation. 
Ontogenetic studies reve~led a major anomaly in existing stomatal 
classifications which is rectified in a proposed new classification of 
stomatal types which is explicit a.t both ontogenetic and morphological 
levels. Previously unrecorded ontogenetic and morphological stomatal 
types are reported from Polypodium. 
* Preliminary communications arising out of this work have been 
published: 
Stevens, R.A. & E.S. f.lartin. New structure associated l·li th the 
stomatal complex of the fern Polypodiurn vulgare. 
Nattrre (Lond.), 265, JJ1-JJ4 (1977a) 
Stevens, lL A , & E. S. l·lartin. The ion-adsorbent substomatal structures 
in 'l'radescantia na.llidus. Nature (Lo~, 26~ J64-J65 (l977b) 
15 
GLOSSARY OF TERMS 
Cell Halls. Cell walls ~rhich are subparallel to the leaf 
surface are referred to as periclinal, whilst those which are subvertical 
to the leaf surface are anticlinal. Those periclinal walls which 
contribute to the structure of the outer surface of the leaf are 
referred to as upper periclinal tialls, and those which contribute to 
the inner suface of the epidermis are referred to as lower periclinal 
walls. 
-
The anticlinal guard cell walls 11hich a.re adjacent to the 
stoma (vide infra) are referred to as inner anticlinal walls, whilst 
those anticlinal guard cell tralls which a.re distal to the stoma and 
in contact with the subsidiary and/or neighbouring cells (vide infra) 
are referred to as outer a.nticlinal. walls, Those inner anticlinal 
walls 1·rhich are common to both guard cells are referred to as common 
anticlinal w~.lls. These terminologies are illustrated diagrammatically 
in Fig. G.l. 
Guard cell complex. This expression is used to refer to the 
pair of guard cells by themselves, 
Neighbouring cells. This term is used to describe all 
epidermal cells which directly abut onto the guard cell complex, but 
not the subsidiary cell(s) (vide infra). Neighbouring cells are 
~ ontogenetically related to the guard cells and are no more 
differentiated than other ordinary epidermal cells. 
Stoma .. This expression is used only in its restricted 
sense, and applies only to the pore formed by the guard cells. 
16 
Stomatal complex. This expression is used to cover the 
guard cell complex plus all the subsidiary cells (vide infra) and 
neighbouring cells. 
S~bsidiary cells. These cells are ontogenetically 
related to the guard cell complex and are usually morphologically 
distinct from other epidermal cells. Subsidiary cells need not be in 
direct contact with the guard cell complex but, if they are not, they 
will be in indirect contact via other subsidiary cells which are in 
direct. contact with the guard cell complex. They are usually, but not 
a.lways, further characterised by not being in contact with the w1derlying 
mesophyll tissue. 
Substoma.tal chamber. This'exprossion refers to the air 
chamber which is invariably formed in the mesophyll below the guard 
cell complex. 
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Fig. G.l. 
Stolllr.l.tal terminology. 
A diagrammatic representation of a transverse vertical section through 
a stomatal complex. 
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CHAPTER 1 
GENERAL INTRODUCTION 
Stomata are pores, generally found in leaf surfaces, 
bordered by a pair of inflatable guard cells whose movements effect 
variations in the size of the pore. The prime function of stomata is 
the regulation of gaseous exchange associated with photosynthesis, but 
concomitantly they provide portals through which large amounts of water 
vapour are lost from the plant in transpiration. Plant physiologists 
are particularly interested in the precise mechanism(s) of stomatal 
movements, since a clearer understanding of their modus operandi may 
open the way to controlling stomatal apertures exogenously. In this 
way, the potential yields of mal)y crops could be realised in areas of 
high evapo-transpiration/low rainfall, by reducing unnecessary water 
loss without impairing photosynthesis. 
Stomatal movements are believed to result from osmotically-
regulated changes in the guard cell volume (Heath,l9J8). Thus, in 
typical mesophytes, solutes accumulate in the guard cell protoplasts 
early in the photoperiod which results in the osmotic uptake of water, 
and the guard cells gaining an osmotic advantage over their adjacent 
epidermal cells. Due to the physical cr.aracteristics of the guard 
cells, the resultant expansion of these cells is directed laterally 
and the guard cell pair part mesially to open the stoma (De l•lichele & 
Sharp, 197J; .Aylor et al., 197J; Meidner & Willmer, 1975). Two 
major hypotheses have been put forHard to account for the turgor 
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movements of guard cells; namely the starch - sugar interconversion 
theory (Lloyd, 1908; Sayre, 1926) in which starch is hydrolysed to 
sugars in the light and converted back to starch in the dark, and the 
ion-transport hypothesis in which the major cationic participant is 
potass:i.um (reviewed by Raschke, 1976; Hsiao, 1976). 
THE ROLE OF POTASSIUM IN STOMATAL MOVEMENTS 
Macallum (1905) detected potassium in tulip guard cells 
during an appraisal of his histochemical reagent for the detection of 
this ion in tissues, and subsequently this technique has been basic to 
much of the early work on the involvement of potassium in the stomatal 
mechanism. Imamura (194J) was able to correlate.storratal aperture 
with endogenous levels of potassium in the guard cells. Fujino (1967) 
proposed that potassium was actively transported into the gu3.rd cells 
during stomatal opening and out of the guard cells during stomatal 
closure. Independantly, Fischer (1968) concluded that active potassium 
accumulation in the guard cells occurred during stomatal opening and 
that the potassium uptake (estimated with 86nb+) was sufficient to 
cause the observed changes in stomatal aperture, if it ~1ere counter-
balanced by an anion. 
been 
The involvement of potassium in stomatal ion fluxes has 
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corroborated by Rb tracer studies {~,ischer & Hsiao, 1968), 
X-ray microprobe analyses (Sawhney & Zelitch, 1969; Humble & Rascbke, 
1971 ;· Raschke & Fellows, 1971; \·/ill mer & Pallas, 1974; Dayanandan 
& Kaufman, 1975), flame photometry of isolated guard cells (Allaway & 
Hsiao, 1973), and potassium-sensitive mi.croelectrodes (Penny & Bowling, 
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1974). These direct studies on the role of potassium in the stomatal 
mechanism are f\Jrther substantiated by indirect studies. Carbon 
dioxide concentration effects on stomatal aperture produce a change 
in the gunrd cell potassium levels (P.allaghy, 1971), as does water 
stress (Hsiao, 197J). Fusicoccin, which induces abnormal stomatal 
opening, also induces abnormally high potassium accumulation in the 
guardcells(Turner, 197J; Squire & Ma.nsfield, 1974). The fungal 
toxin from Helminthosporium maydiS induces stomatal closure and the 
guard cells from infected plants have been shown to have very low 
potassium levels (Arntzen et al., 197J), Abscisic acid induces 
stomatal closure, and the results of i'lansfield and Jones (1971), 
Horton & Moran (1972), and Arntzen et al. (197J), indicate that the 
potassium levels of the guard cells decrease under its influence. 
Abscisic acid is of particular interest since it is a hormone whose 
endogenous levels increase· under stress conditions, such as water 
deficits (Wright, 1969). It may, therefore, operate as a feedback 
mechanism, causing stomatal closure at the onset of water stress and 
thus reduce further transpirational losses (Raschke, 1975). 
A wide variety of plant types and species (50+ spp.) have 
been shown to exhibit guard cell potassium fluxes associated with 
stomatal movements (~lillmer & P.allas, 197J; Dayanandan & Kaufman 
197J. 1975). 
STOMATAL SINK-80URCE RELATIONSHIPS 
Most plant cells are symplastically connected to 
adjoining cells by plasmodesmata, but these have only been rarely 
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demonstrated as occurring betNeen mature guard cells and adjacent 
cells (Litz & JCimmins, 1968; Pallas & Hollenhauer, 1972; r,ujino & 
Jinno, 1972). Horeover, Penny & Bowling (1974) have demonstrated that 
sto;;~atal potassium fluxes are maintained against a potassium activity 
gradient Hhich suggests that the guard cells are not in symplastic 
continuum Hith adjacent cells. If they r1ere, the e1ectrochemical 
gradients found (Penny & Boflling, op. cit.) could not be maintained. 
For these reasons, the movement of ions between the guard and 
immediately adjacent cells, at least, is considered to be apoplastic. 
Hork.on ion fluxes in the stomatal complex of maize by 
Pallaghy (1971) and Rasch!w & Fellm1s (1971) indicates that the fluxes 
are contained within the complex (i.e. restricted to the guard and 
subsidiary cells). Thus, dtrring opening, the guard cells act as the 
sink and the subsidiary cells as the sow_·ce of the ions whilst, during 
clostrre, the roles a.re reversed. This localised ion flux may be 
restricted to graminaceous stoma tal types whose guard cell 1-1a.lls are 
particularly thin (O,l pm, Bro11n & Johnson, 1962), thus minimising the 
diffusion of the ions as they pass through the cell \·lalls. 
The work of Penny & Dor1ling (1974) and Hillmer & 
Pallas (1971+) on Commelina communis shoHs that the ion fluxes, in this 
species, extend to the epidermal cells outside the stomatal complex. 
The sink of the ions dtrring stomatal opening is the guard cell 
protoplast Hhere it is tacitly assumed that they are accomodatcd 
within the vacuole (Heller et al., 1971). No discrete sink/sotrrce 
has been identified outside the guard cell protoplasts, although 
Hilthorpe (1969) has suggested that ions could be stored Hithin the 
the differentially-thickened walls of the guard cells. However, 
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calculations by Haschke (19'?6) indicate that the epidermal apoplao t in 
Vicia faba is too small by c. factor of between 10 and 20 to store 
sufficient potassium for stomatal opening. This is confirmed by 
Penny & Bowling (197'+) whose data relate to intercellular (vacoular ?) 
potassium levels. Despite this evide:nce, it is possible that the 
apoplast in the immediate vicinity of the guard cells contains 
sufficient potassium to initiate stomatal opening. 
BASIS AND OBJECTIVES OF THE PRESENT INVESTIGATION 
The present study arose out of an investigation into the 
effects of certain phenolics on the stomatal mechanism, during which 
attempts were 111-J.de to correlate guard cell potassium levels with 
stomatal aperture. Whilst subjecting epidermal strips to the Nacallum 
histochemical stain for potassium (Hacallum, 1905), it was noticed that 
stain localisations occurred consistently at the poles of the guard cells 
in this species. Furthermore, the stain localisations were precipitated 
in very discrete masses in a superficial position on the face of the 
guard cell complex adjacent to the mesophyll. It was also obvious 
that the localisations 1~ere not simple artefacts such as might be 
caused by topographical features or the coverslip pressing against 
the cells in these localised areas. No reference could be found 
rela.ting to these polar localisations in the literature. 
It tJas decided to investigate the polar stain localisations 
in detail since their superficial nature indicated that they could be 
extracellular and, therefore, the possibility arose that they could be 
a sink/source of potassium ions associated with stomatal movements. 
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Because of the comr,lete novelty of the localisations, the ensuing 
investigations uer!:! directed towards elucidating their physical and 
chemical nature, their distribution in the· plant kingdom, their 
morphogenesis, and their functional role(s). 
CHAPTER 2 
MATERIALS AND METHODS 
PLANT MATERIAL 
The m~in plant species used in this investigation were the 
common polypody, Polypodium vulgare (3n) (Polypodiaceae : Filicales), 
Commelina communis, Tradescantia pallidus, and the spiderwort or trinity 
flower, Tradescantia x andersonian'l. (= '1'. vird.niana) (Commelinaceae : 
HonocotyJ.edones). 
Polypodium vulgare ~ras originally collected from a variety 
of habitats (rupicolous, epiphytous, and terricolous} and sites in and 
around the Plym Jt'orest, Devon. This stock materia.! was subsequently 
cultivated in a heated greenhouse. 
Commelina communis uas cultivated under greenhouse conditions 
(vide infra) from seeds originally supplied by Dr. T.A. Mansfield, 
Lancaster University. Tradescantia pallidus Has propagated, by root 
cuttings, from material obtained originally from the greenhouses of 
Exeter University. Tra.descantia x andersoniana 1-1as similarly 
propagated vegetatively from parent stock, of unkno~m origin, in the 
Polytechnic's greenhouse and from var. 'Isis' supplied by Plymouth 
Park's Department. 
A wide variety of other plant material has been examined 
during the investigation and includes indigenous species collected 
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primarily from the environs of Plymouth, horticultural species and 
varieties obtained from private gardens, and exotic species obtained 
from the greenhouses of Plymouth Park's Department, Exeter University, 
Newcastle University, and the Herbert Hhitley Trust, Paignton Zoological 
Gardens, Devon. 
PLANT CULTIVATION 
Initially plant material ~1as maintained in a greenhouse under 
a minimum photoperiod of 14 h which was extended naturally during the 
summer months. During late Autumn, Hinter, and early Spring, na.t.ural 
daylight was augmented by fluorescent sCidium lights for three hours 
between 06.00 and 09.00 h and for up to five hours in the late afternoon 
and evening before cutting out at 20.00 h G.M.T. The fluorescent sodium 
lights (G.E.C., 180 1·1, cat. no. SOX FL) ~1ere mounted in Ca111plex 
reflectors (Simplex of Cambridge Ltd., _Cambridge) between 1,0 and 1,5 
m above the plant material being cultivated. At tempts were made to 
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regulate the ambient temperature of the greenhouse to ea. 20 C. During 
Summer, the temperature frequently rose to above J0°C on clear sunny 
days despite ventilation. During Winter, the temperature ;.1a.s maintained 
by a 2 KV 'Thermomatic Glasshouse Fan Heater' (Simplex of Cambridge Ltd., 
Cambridge, cat. no. HD1970T) although on very cold nights the temperature 
0 did drop as low as 12 C. This fan heater was kept running during t.he 
Summer months to increase ventilation. 
Commelinaceous plants were grown on slatted bench tops and 
tmre watered once a day in the evening for most of the year although 
two waterings 1-1ere required on occasion during very hot weather. 
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Fern material Has grown under the slatted benches and l·lat:. watered every 
two or three days excopt during hot weather uhen it was necessary to 
water it more frequently. No fertilisers, liquid or solid, were used. 
'rhe seeds of Commelina communis were planted in batches of 
ea. 20 in a 7 cm square plastic pot of commercial 'John Innes Seed 
Compost' (D. 0. Htmt Ltd., Bishopsteignton, Devon) and covered with ea. 
2 mm of the same soil. The individual plants lrere pricked out as soon 
as they had emerged to a height of ea. 1 cm after 7 - 10 days, and 
replanted individually in commercial 'John Innes No. 2 Compost' 
{same supplier as above) in 7 cm square plastic pots. New stocks 
were established weekly. Root cuttings of 'l'radescaptia pallidus 
were established and maintained in commercial 'John Innes No.2 Compost' 
in 8 cm square plastic pots; Tradescantia x andersoniana was likel:ise 
established and maintained, but in 21 x JJ cm plastic storage boxes. 
New stocks of Tradescantia spp. were established. as and uhen the parent 
stocks flowered, Polypodium vulgare stocks uere cultivated in either 
their natural substrate which ltas collected at the same time as the 
plant material, or else sub-cultures were established in a 1:1:1 
mixture of leaf mould, 'John Innes No. 2 Compost', and water-1-1ashed 
silver sand. 
All plant material was acclimatised to the eventual 
experimental conditions of photoperiod and/or temperature for a 
minimum of 7 days. This was done in either a Fisons growth cabinet 
(Fisons Scientific Apparatus Ltd., Loughborough; type 280G-CT/DEG-2) 
maintained at 6fff., relative humidity, 12 or 14 h photoperiod (10.00-
-2 -1 0 22.00/24.00 h D.S.T.) at 10 760 lx /37 J m s and 20 C, if the 
material tras to be used for porometry or, for all other experimental 
purposes, in a Fisons growth cabinet (same supplier as above; model 
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no. 140G2) 1-li th a synchronised photoperiodlthermoperiod (10. 00 -
22.00 h B.S.T.) at 16 000 lx I 56 J m-2 s-l and 25 ~ 1°C (light) I 
19 ± 1°C (dark). 
The age of the plant material used in the investigation 
varied considerably. For porometry and all in vitro physiological 
studies, the third and fourth fully expanded true leaves of C. communis 
were used (ea. 415 weeks old) whilst any recently fully expanded leaves 
of Tradescantia spp. were used. Isolated epidermes of P. vulgare 
used in physiological experimente.tion were taken from fronds which 
were just turning from the light green of immaturity to the dark green 
of maturity. Shortly after the pinnae turned dark green, the stomata 
start to die off and the tissue rendered unsatisfactory for such 
studies. 
For studies in stomatal ontogeny and morphogenesis, very 
young tissues t1ere required. This llas obtained from the still 
circinately rolled pinnae of P. ·vulgare, much of whir.:h ~1as collected 
in the field. since insufficient material 1~as produced by greenhouse 
maintained stocks. In •rradescantia spp., the material was dissected 
out of young shoots. 
Plant material used in the scanning electron microscope 
studies and X-ray microanalyses was difficult to prepare for the 
relevant studies because the plant material was transported to London 
by car in the early hours of the morning prior to examination or 
analyses. Dark treated w~terial was transported in a light-tight 
dustbin. In London there were no facilities available to maintain the 
plants under any constant quantifiable environmental conditions. 
Consequently, for a light treatment, the plants were placed on the 
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nearest windOI<J sill, and for dark treatments, the plants were placed in 
a photographic da.rlcroom. 
HISTOCHEMICAL AND CYTOCHEMICAL TECHNIQUES 
The various stains and enzymes employed at various times 
during the investigation, and referred to in this thesis, are listed, 
and their formulations given in Appendix l. For ease of reference, 
each stain and enzyme is coded with bo numerals, the first ofwhich 
relates to the chapter in which it is first mentioned, and the second 
of which signifies the order of appearance of the various stains in a 
particular chapter. 
The Macallum histochemical stain for potassium 
This stain, formulated by IIJacallum (1905), has been used 
extensively in stomatal physiology to demonstrate potassium fluxes 
associated l'lith stomatal movements (vide Chapter 1). Its popularity 
derives from its reputed specificity (Macallum, 1905, Crout & Jennings, 
1957), sensitivity, ease of application, speed of action, distinctness 
of results, and absence of suitable alternative histochemical techniques. 
An alternative technique, the tetraphenylboron method (Collewijn, 196J), 
has been attempted but found to be unsatisfactory due to the lack of 
a distinct positive reaction in epidermal tissue. 
'l'he original Hacallum formulation is given in Append:i.x 1. 
It was found, during the present study, that no advantage was gained by 
making the sodium cobaltinitrite (hereinafter referred to as the double 
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salt) from ~ combination of the single salts since the results were 
apparently identical. 
1'heoretically, ~rhen the double salt is applied to tissues, 
it combines ~rith any free potassium to produce sodium potassium 
cobaltinitrite (hereinafter referred to as the triple salt) which is 
precipitated, After a suitable staining period, the tissue is washed 
in ice-cold water which results in the soluble double salt being 
washed out whilst the insoluble triple salt (potassium-complexed 
element) is left in situ, Hhen the washed tissue is then treated with 
ammonium sQlphide, the resultant black precipitate should correspond to 
the sites of potassium localisation. 
The critical stage in the procedure is clearly the ice-cold 
~rash since, if this is insufficient, traces of the double salt will 
remain in the tissue and react with the ammonium sulphide in a manner 
indistinguishable from the triple salt." No set duration has been laid 
do~m for this critical wash. Lloyd (1925) employed a 1•ash of 15 - 90 
minutes, 11ansfield & Jones (1971) one of JO minutes, Hillmer & Pallas 
(197J) continued the wash until no further yellow double salt diffused 
out of the tissue, whilst Dayo.nando.n & Kaufman (1975) used only a 2 
minute rrash. During the present investigation it was found that the 
treated epidermal strips continued to visibly lose uhat is presumed to 
be the double salt after 20 minutes. Consequently a half hour wash 
was employed (c.f. Ma.nsfield & Jones, 1971). It was found that after 
2 h all traces of all cobalt had been trashed out of the tissue 
(Commelina communis) trhich, consequently, gave no positive reaction to 
the ammonium sulphide, 
Hhilst these preliminary studies into the Ha.callum stain 
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'1-Tere directed to perfec-Lillb a technique to demonstrate the polar 
Gtain localjsations in the guard cells of certain stomata (vide Chapters 
l and J), certain problems came to light whi ch should be considered 
Nhen nsing this stain f'or quantifying potassium localisations in 
t issues . The time of penetration of the tissue by the double salt 
Hill depend on the anatomy of the tissue ; clearly heavily cutinised 
tiss ues Hill require a much longer treatment than poorly cutinised ones . 
Allied to this , the time of the subsequent Nash in ice-cold water must 
be at l east as long as the treatment peri od Hith the double salt . 
There must be a critical time 1-rhen a maximal amount of the double salt 
has been Hashed out and a maximal amount of the triple salt has been 
retained . It is difficult to interpret this in the l aboratory, but it 
could be elucidated by X-ray microprobe analyses . The basic formulation 
of l'acallum produces a LfllP; double salt solution (;-1/v) . This l'Till 
clearly have an osmotic effect on the treated t issues . This would 
r esult in Ha,ter l oss and possibly the leaching of potassium salts , 
especially s ince membrane integrity rrill be affected. Coupled ;.1i t h 
this , as the stain diffuses in, water and salts must diffuse out . It 
seems unlikely, therefore , that much, if any, of the unbound potassiwn 
will be precipitated at its in vivo l ocat ion . Evidence was also found 
tha t a cons i derable body of cobalt, from the double salt, becomes 
adsorbed onto the cell surfaces (c. f . Lloyd, 1925 ) which is not 
dislodged by the ice-cold water ;.rash (vide legend of Plate 2.1 ). This 
cobalt is subsequently precipitated as the sulphide , and unless washed 
off after the ammonium sulphide treatment , Hill give spurious results. 
The importance of this second wash may not be appreciated by some 
1-rorkers using this stain and the adsorbed cobalt element must be 
considered when interpreting the results of those workers who mount 
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their epidermal strips directly into a glycerine/ aiTtmonium sulphide 
mixture after the ice-cold water ~lash . 
In attempting to modify the Nacallurn technique for an 
improved demonstration of the nature of polar stain localisations 
(Chapters 1 , and 3) , note ~ras taken of the fact that absolute aJ cohol 
pretreatment before staining ~rith the double salt ensures more consistent 
results (Lloyd , 1925) . Consequently a variety of permutations of the 
Ha.callum stain were carried out, an example of one being illustrated in 
Plate 2 . L In this experiment , five concentrations of the double salt 
(40, 20 , 10, 5, and ~~ w/v) l·rere used in conjunction Hith four different 
washing schedules , explained in the legend of Plate 2 . 1 . It can be 
seen that the polar stain localisations .are demonstrated most clearly 
~Tith the 2% cobaltinitrite treatment , and the best Hashing sequence 
i nvolved a 10 s absolute ethanol prevrash , follmred by a 60 s agitated 
~rash in absolute ethanol after staining, a.nd completed by another 6o s 
wash in absolute ethanol after the a mmonium sulphide treatment. This 
l~ashing sequence Has considered to be the best after experimenta.tion 
on several plnnt species (it is clearly not the best forT . pallidus) , 
and similarly a 7,5% (w/v) cobaltinitrite solution Has considered to be 
better suited for the demonstration of the polar stain localisations in 
most plant species. It was also found that the speed of precipi tation 
of the cobalt at these sites was temperature dependant and can be most 
conveniently carried out at room temperature . The speed of precipitation 
at 20°C is illustrated in Plate 2 . 2 l'ihere it can be seen tha t it commences 
within 5 s , and is virtually complete after 60 s. A suitable formulation 
of this modified f.1acallum stain is given in Appendix 1 together Hith 
the staining procedure for use with most types of epidermal tissue; 
the 10 minute treatment with the double salt alloHs adequate penetration 
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time in the more heavily cuticularised species . 
Hit~ hindsight , it should be pointed out, that 11'.?-ny heavy 
metal sal ts could be used to demonst rat e polar stain localisations in 
stomata (vide Chapter ll) in conjunction Hith ammonium sulphide . It 
should also be noted that the modified fl.acallurn stain employed here is 
not designed to demonstrate potassium , although i t ma_y also serve this 
function. 
·MICROSCOPY 
Light microscopy 
The majority of histochemical observat ions and 
microphotography ·Has carried out on a Carl Zeiss Photomicroscope II 
( Oberkochen , H. Germany ) using a neutral filter . A \Uld 1120 
( Heerbrugg , SNitzerland) was used for much of the morphogenetic and 
ontogenetic studies and fluorescence microscopy Has carried out using 
a Vickers Patholux (Coulsdon and York ). Neasurements of stomatal 
a perture in the physiological studies were made rlith a graduated 
eyepiece on a Domo l1BR-lE (Leningrad , ·u. s . S .R.) at a magnificati on of 
x Lwo . Unless othendse stated, a ll observa tions on isolated e:pidermes 
'1-Tere carried out Nith the side adjacent to the meso:phyll facing the 
objective lens . 
J.1icrophotographs were taken on Ilford Pan }4' film (Ilford Ltd. , 
Basildon, Essex ), developed in Acutol l<'X-14 (Paterson Products Ltd., 
London), fixed in l<'ix-Sol (Photo Technology Ltd ., Potters Bar, 
Hertfordshire) , and printed on Rapidoprint FP 1-2 Projection Paper 
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(Agfa-Gevart, H. Germany). For the plates in this thesis, Rapidoprints 
were a,rranged as required on plain white card, re-photog.caphP.d with 
Ilford FF4 fi1m (Ilfoi:d Ltd. , Basildon, Essex) and printed on Ilfospeed 
Photographic Paper (Ilford Ltd., Basildon, Essex ). 
Transmission electron microscopy 
Fixation, staining , embedding, and post-staining techniques 
in the purely ultrastructural studies reported on in the first half of 
Chapter 4, are to be found in Appendix 2. Thin sections (silver or 
gold) 'I'Tere cut on either an LKB Ultrotome III (LKB Instruments Ltd., 
Croydon, Surrey), or on a Porter Blum MT2-B Ultra-microtome (!van Sorvall 
I nc . , NeHtown , Connecticut, U.S.A. ), The sections l~ere mo1mted on 
carbon and Formvar-coated lOO pm grids ('faab Iabaratories , Reading) and 
examined in a Phillips Et1JOO microscope at 80 KeV in the case of 
nor1rally prepared tissue, and at l.J.o or 60 ICe V in the case of unstained 
t issues (vide infra). 
In attempting to elucidate the structures associated 'ITith 
the guard cell polar stain localisations (Chapters 1 , and J ), tissues 
pretreated Hith the Macallum stain Here fixed , stained , and embedded 
using the standard procedures described in Appendix 2 , It Has found 
that the cabal t precipitates l a,rgely disappeared from the tissues 
during this process and it 'l'ras assumed tha t the cobalt Has associated 
with some lipid structure which was denatured by the chemicals used 
and leached out of the tissue . Consequently, material was fixed in 
glutaraldehyde and osmic acid in the normal Hay (Appendix 2 ) and , after 
washing in cacodylate buffer, it 'l'ras embedded directly into wa t er 
soluble Durcupan resin (Fluka A.G., Switzerland). Despite follovring 
the manufacturer ' s recommendations, it was not possible to cure the 
blocks sufficiently for ultramicrotomy (This may have been because the 
r esin used was of unknot-m antiquity). 
To overcome these problems , tissue t-tas pretrea ted t-d t h 7, 5% 
(t-1/v) modified Hacallum' s stain in the normal way , fixed and dehydrated 
in absolute ethanol (completed in 10 minutes) , before being embedded 
directly in Spurr resin . This modified programme resulted in the 
cobalt precipitations being retained in t he tissue . Ultra.micl·otcmy 
of the resultant blocks proved extremely difficult because t.he cobal t 
crystals in the tissue blunted the glass knives after very few passes 
so t hat any sections obtained lvere badly scored. A diamond knife was 
used in an attempt to avoid this problem but was equally unsatisfactory 
as the knife dislodged the cabal t crystals in the tissue ar1d tore them 
through the sections . Hhen sections from this mat erial were examined 
in the microscope , a low beam voltage had to be used because the cobalt 
i nclusions in the sections heated up extremely quickly and caused tears 
in the sections . This tearing under the electron bea m 1~as accentuated 
by the poor fixation of the cell walls with the ethanol treatment . 
Alternative techniques will have to be developed t o cope with the 
problems in any further work of this nature . 
Scanning electron microscopy and X-ray analysis 
The largely unsatisfactory results of t he transmission 
electron microscope studies prompted consideration of the scanning 
electron microscope as an alternative means of investigation. In the 
absence of local expertise in this field , the evaluation of the various 
t echntques available was worked out from first principles . It t-ras 
decided that if scanning electron microscopy was to be used, X-ray 
microanalyses mi ght also be possible as an invaluable aid to physiological 
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studies on stomata. The ~rime requirement, therefore, was that the 
tissue should be treated as little as possible before examination and 
analysis. There were tr~ee possibilities : freeze-drying, critical 
point drying, and the ·uce of a cryostage. It was felt that that the 
last option offered the most satisfactory solution, since the treatments 
involved in the first two options Here considered undesirable since 
they would reGult in a certain amount of ion-leakage, especially of 
potassium, which i6 notoriously mobile. JEOL are, currently, the only 
company producing a commercially-available cryostage. Their London 
office was approached and agreed to the work being carried out on one 
of their demonstration machines. 
The ope~tion of a cryostage is extremely simple. Leaf/ 
epidermal tissue was attached Hith double-sided adhesive tape to a 
brass or aluminium stub which was then capped and plunged into liquid 
nitrogen. Once the nitrogen had ceased boiling, the sample was 
introduced into the pre-evacuation chamber where the cap was knocked off 
with a manipulator before being mounted on the cryostage of a JSM 35 
scanning electron microscope. The sample was then immediately ready 
for viewing , and could be left there for hours since the cryostage is 
maintained at ea. -150°C by liquid nitrogen. Leaf tissues were 
examined at between 8 and 15 KeV, and it was found that the tissue 
was conductive enough not to require either coating or earthing with 
silver paint. Although both adjuncts were used on occasion, they did 
not result in markedly superior results. Occasionally ice deposits proved 
to be so extensive as to occlude much of the tissue surface, but this 
was easily remedied by removing the stub from the cryostage and exposing 
the iced surface to a heating element in the pre-evacuation chamber 
where the ice was sublimated before the stub was returned to the cryostage. 
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The procedure had to b~ modified slightly when the examination 
of leaf sections was carried out. Normally, a block of tissue is 
frozen in liquid nitrogen and, after de-capping in the pre-evacuation 
chamber, the section is obtained by slicing with a remote-controlled 
scalpel. This is not straightforward, since the frozen material is 
very brittle and tends to fracture irregularly. In addition, although 
the pre-evacuation chamber is cooled with liquid nitrogen, the 
manipulators are not, with the result that they tend to melt water on . 
the surfaces they come into contact with. This re-freezes on the 
cryostage and makes observations more difficult. Consequently a 
different approach was attempted which requires two people. The block 
of tissue was mounted in a grooved stub, fixed in its holder, and 
held immediately above a wide necked vacuum flask filled with liquid 
nitrogen for quenching. Then, whilst one person held the tissue 
immediately adjacent to the stub with forceps, the other cut the tissue 
in the desired plane of section with a scalpel as quickly as possible. 
At almost the same time the sectioned tissue was plunged into the liquid 
nitrogen and capped. This operation produces first class results 
providing it is carried out extremely quickly so that the section, or 
large parts of it, are frozen before the cell sap begins to exude. 
Energy dispersive X-ray microanalyses were performed on the 
cryostage of the same instrument. A Kevex silicon crystal detector of 
145 eV resolution coupled to a Link system was used with a 600 pm 
aperture at between 15 and 18 KeV for lOO s at ea. 0,1 nA absorbed 
current. Although X-ray distribution images of single elements , 
notably potassium, were attempted, the elements concerned were present 
in such low concentrations that, to achieve satifactory images, prolonged 
exposures would have been required. Since time was always a limiting 
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factor, the majority of ar~lyses attempted were of a point type, where 
the electron beam '1-ras reduced to a maximum of 6 pm2 and focussed onto 
a specific area of the tissue. Full spectral analyses of K emissions 
were obtained in this ·way. 
PHYSIOLOGICAL TECHNIQES 
Isolated tissue techniques 
A purpose-built water bath with controlled lighting , 
temperattrre, and air supply was constructed. It is illustrated and 
described in Fig. 2.1 and Plate 2.J. 
Epidermal strips, semi-leaf discs, leaf discs, and parts of 
excised leaves were incubated in experimental solutions contained in 
the phials. The apparatus accomodates 12 phials and , generally, 5 
treatments t-rere employed at one time with a control. In this way the 
experiment could be replicated each time it was performed. The leaf 
tissue was prepared in subdued light, one hour before the commencement 
of the photoperiod, when initially-closed stomata were required, and the 
tissue bulked in a petri dish containing the control medium. Once 
sufficient material had been prepared, it was randoruy distributed 
into the phials containing the experimental incubatory media, wh~ch 
had been randomly distributed themselves. If initially-opened stomata 
were required, the source material was enclosed in a 250 cm3 conical 
flask whose neck was them plugged with cotton wool. The source 
material was then left for 90 minutes in a Fisons growth cabinet 
(Fisons Scientific Apparatus Ltd. , Loughborough; model no. l40G2) 
I -2 -1 at 16 000 lx 56 J m s • This procedure causes the stomata to 
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open fully under the combined irrfluence of the light treatment , 
increased relative humidity , and reduced carbon dicxide concentration. 
All incu ba tions v1ere carried out at 20 ~ l ° C, and in the 
presence of carbon dioxide-free air unless stated to t he contrary. 
The numbers of stomatal apertures measured, and the number of 
replications employed in each experiment are given in Chapter 11 . 
All the chemicals used throughout this study were of 
analar grade and supplied by British Drug Houses Ltd., Poole , Dorset, 
with the exception of the (~) cis-trans abscjsic acid and chlorogenic 
acid (Sigma Chemical Co ., Kingston-upon- Thames , Surrey ; cat. nos . A.l012 , 
and C. J878 , respectively) , and ferulic acid (Koch-Light Laboratories 
Ltd ., Colnbrook , Buckinghamshire : cat. no. 2622h) . 
Porometry 
A four channel automatic porometry system, Hhich incorporates 
both a Wheatstone bridge circuit (Heath & Russell , 1951) and Gregory and 
Pearse circuits (Gregory & Pea~·se , 1934) , was constructed to monitor 
stomatal behaviour . The system is illustrated in Figs . 2 . 2, and 2. J , 
and Plate 2.4. The stomatal behaviour of four separate leaves can be 
investigated simultaneously for up to t en days with this system, with 
each leaf being monitored for 2JJ s in every 20 minutes . The porometer 
has , latterly, been usedexclusivelyon Commelina communis. Due to the 
rather delicate nature of the leaves in this species , an applied pressure 
of JOOPa is used 1>1hich does not appear to physically damage the leaf , 
even after 10 days of continuously applied pressure . A special 
porome.ter cup Has designed and constructed for C. communis which is 
illustrated in Fi g . 2.4 . The JOO Pa is applied continuously to the 
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adaxial epidermis. This ~ s because it is believed that the stomata on 
this surface alHays offer the greatest resistance to air being passed 
tl'l.rough the leaf. There are ea . 2. J times more stomata per unit area 
on the abaxial surface ·than on the adaxial surface , and scanning electron 
microscopy (Chapter 5) indica t es that the mesophyll resistance will 
always be less tha n that of the adaxial epidermis . 
Details of capillary resistance construction are given in 
Appendix J , together rlith a sample resistance calibration curve . 
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Fig. 2.1. 
Hater bath used in physiological investigations. 
The water-cooled ligh t bath contains five 150 \ol tungsten 
bulbs which are individually controlled; there are also eight 8 \'1 
warm white fluorescent light tubes (tNo above and tHo below the Hater 
bath and one on each side of the bath) . The t emperature of the 
l'la ter bath rtas maintained Ni th a Gallenkamp Thermo Stirrer 2 
(Gallenkamp, London; cat . no. BJH I.J.Oo ). 'l'he sample phials are 
supported in a perspex holder. 
Water 
inlet 
t 
-
F - fluorescent tubes 
T - tungsten bulbs 
Light -tight box 
Air pump 
Thermo-
stlrrer 
Fig . 2,2, 
Diagram of the porometry ci~cuit , 
A. Air pump (Charles Austen Pumps Ltd ., Byfleet , Surrey ; DYHAX mk . II) . 
B. Winchesters used to even out the air flow , 
C. Simple screH valve to adjust the applied air pressure to JOO Pa . 
D. Activated charcoal filter . 
E. Silica gel filter. 
F. Glass wool filter . 
G. Simple manometer to monitor applied air pressure . 
H. Individual glass valves used during calibration . 
K. Nylon gas valves used during calibration , 
L. Fine control needle valves (Ed"~>lard.s High Vacuum, Crawley , Sussex ; 
model LBlB). L 1 used to calibrate the capillary ea. 
resis-Lances (R) ; Lw used in conjunction l>li th the Wheatstone 
bridge circuit . 
H. Concordia solenoid valves operated by the cam-timer (Elremco , 
Harlow , Essex ; type D6J ). 'l'he valves connect each 
porometer cup to the manometer (N) for 233 s _]n every 20 
minutes , and short circuit the system f or lOO s , once every 
20 minutes to provide a base line on the print out. 
N. Electromanorneter ( ~1ercury Ltd., Glasgow; type ?t1 , F.S.D. JO mm ·Hater) 
P. Glass valve connecting Hheatstone bridge circuit to the resistances , 
Q. Null point manometer filled with Kreb ' s fluid and liquid par affin . 
This compound manometer is 5,15 times more sensitive than 
a simple manometer . Rw - Wheatstone bridge resistance . 
R. Ca pillary resistances approximating 0 , 1 (a ), 1 (b), and 10 (c) 
Gregory and Pearse resistance units . 
S . Glass valve used during operation of the \~heatstone bridge circuit . 
T. Reservoir of Krebs fluid used to adjust height of meniscus . 
U. Glass valve used to connect flow meter (V) to the circuit. 
') 
V. Flow meter cons tructed out of a l OO cmJ burette. 
\-1. Perspex porometer cups, 
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Fig. 2.3. 
Circuit diagram of the amplifier unit used in porometry. 
The electromanometer (Mercury ?M, Glasgow; F.S.D. 30 mm of water) 
linked to the Minicomp DN/192 pen recorder (Hartmann & Braun, Frankfurt, 
W. Germany) via an amplifier powered by a Al5 stabilsed power supply 
unit (Farnell Instruments Ltd., Wetherby , Yorkshire). 
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Supply 
To pneumatic 
c;«u<= 0 ~~~ Power 
E lectromanometer 
Amplifier 
1kn. 
Power 
Supply 
- ve 
+ ve 
Chart Recorder 
Diagram of parameter cup used on Commelina communis. 
a. Vertical section through cup; actual size. 
b. Plan vierr of upper detachable-half of parameter cup; 
actual size. 
c. Plan vie1-r of lmmr fixed-half of parameter cup; 
actual size. 
Note how the air is passed through the adaxial epidermal surface Hi th 
the midrib of the leaf accomodated in a groove set in the silicon 
* rubber seal which forms an air-tight parameter cup/leaf interface. 
The wing nuts are spring-loaded to minimise leaf damage. The two 
halves of the parameter cup chamber are interconnected in the upper 
(adaxial) half of the parameter cup which is sealed externally with a 
glass cover slip. The lower (abaxial) chambers of the cup are not 
sealed off. 
*•rastic 55' (A. Kettenbach, Eschenburg , H. Germany.) 
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bolt & wing nut~ 
silicon rubber seal, 
grooved for leaf mid rib--
paired air chambers, 
interconnected adaxially 
glass cover slip 
® 
rline 
Plate 2.1. 
The effect of different vmshing programmes and sodium ~obal tiniti te 
concentrations on epiderrral tissue of Trad.escantia J>?.lliclus. 
The tissues in vertical roH A were prewashed in i ce- cold water for 
J O s, follor~ed by a 0,5 h Hash in ice-cold wa t er after the coba.ltinitrite 
treatment, and completed with a 60 s agitated wash in ice- cold Nater 
after the ammonium sulphide treatment. The tissues in vertical 
row B were treated in the same Hay except that the final Hash was 
done in absolute ethanol . In vertical column C, the f irst two washes 
were in absolute ethanol and the final one in ice-cold Hater. In 
vertical row D, all the washes 1-1ere carri ed out in absolute ethanol. 
The tissues in horizontal rovr l Here treated with 40% cobaltinitrite , 
those in row 2 Hi th 20%, those in rm'f 3 rri th 10%, those in rovr 4 Hi th 
5%, and those in roH 5 vrith 2% . Staining time was 0,5 h. 
It i s noticeable that those tissues whose final rrash was carried out i n 
absolute ethanol show very heavy superficial deposits of cobalt 
precipitate \>lhilst those r~hose fina l wash Has in Hater do not. Thi s 
suggests that the final '1-rash in Nater removed superficial cobalt which 
may become adsorbed onto the surf ace of the tissue during the 
cobaltinitrite treatment. 
Light micrographs , x 160. 
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Plate 2.3. 
Ha,ter bath used in physiological investigations. 
A. The equipment in use in the laboratory showing the 
constant head device (a) supplying water at a constant rate to the 
cooling coil and tungsten light bath housed in the main unit (b) ~1hich 
contains the r~ater bath in 11hich the experimental phials are incub-:1ted. 
The infra-red gas analyser (c) is incidental. 
B. Close up of the water bath illustrating the perspex 
holder containing the experimental phials. 
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Plate 2.4. 
Viscous flow porometry. 
A.. The equipment in use in the laboratory showing the 
porometry circuit board {a) connected to the porometer cups attached to 
Tradescantia x andersoniana plants in a Fisons growth cabinet (model 
no. I40G2.) (b). 
B. The porometry circuit. board. The transducer and' · 
recording systems are .housed on the left. hand side of the board.; the 
capillary resistances (J x 4) are in the centre of the board above the 
cam-timing unit. The }lheatstone bridge manometer and needle valves 
are sited between the resistances and the chart recorder. The solenoid 
cut-out valves are at the bot tom right· hand corner of the board-. 
This .photograph is of a prototy.pe circuit which was later 
modified. 
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L Cli~PTER 3, 
LIGHT MICROSCOPE STUDIES 
/!NTRODUCTION 
This study arose from a chance observation that 
~lacallum's histochemical stain for potassium (~~acallum, 1905) gave a 
polar stain localisation (hereinafter referred to as p.s.l.) at both 
ends of guard cell complexes in Polypodium vulgare. The p.s.ls. were 
characterised by their discreteness and unique site of precipitation 
within the guard cell complex. Repeated treatments of P. vtligare 
epidermal strips, from a variety of sources within the environs of 
Plymouth, Hith Nacallum's stain indicated that the p.s.ls. were 
consistent features of the stomatal complexes in this species. 
Holfever, the original stain, as formulated by Nacallum (1905), 
produced rather variable results and was consequently modified, as 
detailed in Chapter 2, to give more consistent results. 
- -
/Modified Macallum's histochemical stain 
. -
Epidernel strips were removed from the abaxial surface of 
pinnae, treated ~lith ~lacallum's histochemical stain for potassium 
(l1acallum, 1905), and observed under the light microscope, normally 
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from the side adjacent to the mesophyll. 
The stain precipitates in all the ordinary ep.i.dermal cells, 
especially in the ~upra-fascicular region, but only reacts weakly, if 
at nll, in the subsidiary cells and other epidermal cells which abut 
onto the guard cell complex. 11ithin the guard cell complex, the si:.a.in 
is precipitated as a near-black granular deposit into discret~ 
subcircular localisations at either pole of the complex (Plates J.la 
& b). The individual p,s.ls. are of variable size but are commonly 
up to 25 pm in diameter. This variation in size occurs between th~ 
pair of p.s.ls. associated with a single guard cell complex, between 
the different complexes of a single plant, and between those of different 
plants. Within a single guard cell complex, the p. s .1. adjacent to the 
mesogenous subsidiary cell (~ Chapter 9) is usually larger than that 
at the opposite pole of the complex; a feature which will be discussed 
more fu1ly in Chapter 10. 
Close examination of individual p.s.ls. reveals that the 
stain has a bimodal distribution with a small darker central core 
surrounded by a more extensive paler outer region (Plate J.lc), The 
difference between the two elements of a single p.s.l. is often very 
indistinct (Plate J.lb), or even occluded (Plate J,Ja), by the density 
of the stain itself. This may be compounded by the dense aggregations 
of chloroplasts in the guard cell protoplast. The darker central body 
is r;;i ted immediately under the common anticlinal cell walls of the guard 
cells on the inner face of the complex, half-way between the polar 
extremities of the anticlinal cell walls and their bifurcation at the 
stoma. The central, body has a diameter of ea. 10 pm which remains 
fairly· constant bet1~een the different complexes of a single plant as 
well as between those of different plants. The less intensively 
50 
staining periphery of the structure is very variabJ.e in size, and it is 
this element of the p.s.l. 11hich is responsible for the great diffc:r.·ences 
observed in the sizes of the·p.s.ls. 
The p.s.ls. appear to be in a very superficial position on 
tJ1e inner face of the guard cell complex as evidenced by fine focussing 
of the microscope, and the fact that they conceal the underlying 
anticlinal cell walls when observed from the side adjacent to the 
mesophyll. Further evidence of their superficial nature is found in a 
small proportion of complexes where the margins of the p.s.ls. extend 
beyond the polar limits of the guard cell complex (Plates J.2A & B). 
In the cases illustrated, the p.s.ls. clearly subtend the common 
anticlinal cell ualls of the complex and extencl beyond its polar· cell 
ualls by ea. 5 urn. 
A very large proportion of the stained complexes are 
characterised by densely-staining strands radiating out from the p.s.ls. 
and traversing the peripheral anticlinal walls of the guard cell complex 
(Plate J,JA). These strands are not unique to the stomatal complex 
and can be found in very reduced numbers between ordinary epidermal 
cells. The strands are ea. 0,7 pm in cliameter and variable in 
length. The strands, like the p.s.ls., appear to be situated in a 
very superfieial position below the guard cell complex. 
In a small proportion of guard cell complexes observed, the 
paler peripheral element of the p.s.l. appears to take the form of an 
inflated sac-like structure (Plate J.JB). This is invariably the case 
in those complexes in which the margins of the p.s.ls. extend beyond 
the guard cell walls at the poles. 
The delimitation of p.s.ls. is most clearly demonstrated in 
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unstained epidermal strips. In such tissue, the polar totructures 
appear to be bi-lob..~d so ti1at e\ single p.s.l. is divided longitudinally 
into two halves in a vertic<tl pJ.ane below the common nnticlina.l cell 
walls of the guard cell complex (Plate J.4A). The discreteness of the 
t~ro halves of each p.s.l. is illustrated in Plate J.4B, in which one of 
the guard cells ~~s been damaged, probably during preparative 
procedures, with the result that the delimiting 'membranes' of its polar 
structures have been ruptured and their contents dissipated, ~1hilst the 
structures associated with the undarraged guard cell have ~aintained 
their integrity. This characteristic is further illustrated in Plate 
J .lW, in which the guard cell complex is made up of both a living and 
a dead guard cell; the polar structures are associated only with the 
living half of the complex. 
It is interesting that the p.s.ls. found in living guard 
cell complexes are also commonly found in dead complexes. Typically, 
p.s.ls. in dead complexes are similar to those in living ones in that 
they possess both the darker central element of the structure, the 
paler peripheral element, and the characteristic strands traversing the 
outer anticlinal walls of the complex (Plate ).5A). The bimodal 
pa.t tern of the p. s .ls. is more clearly demonstrated in dead complexes 
since the sta.in appears to be precipitated in a translucent brown sheet 
t1hich is enhanced by the absence of chloroplasts ih the underlying dead 
cell. The extent of the pale outer element of the p.s.ls. is even 
more variable in dead complexes than in living ones and can be extremely 
extensive. The structures of one pole can fuse with those of the 
opposite pole (Plate J.6A), or can be completely lacking (Plates ).5B & C), 
although in the latter cases, the darker central element often persists. 
As in living complexes, the p.s.ls. are bilobed with each lobe being 
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1 indcpendant of each other (Plate J,5B). The superficial nature ,,f the 
structures in i:elatior. to t:-.e gwrd cell complex is further avidenced 
by their clear extension into the lower cuticular lip& of' the stoma 
and further on down into the stolllCI.tal throat in many dead guard cell 
complexes (Plate J,6B). 
Unstained epidermal studies 
Fresh unstained epidermal strips of Polypodium vulgare 
were dry-mounted, without a coverslip, on double-sided trans~~rent 
adhesive tape on a microscope slide, The material Has than examined, 
from the side adjacent to the mesophyll, using a combirmtion of 
epi-illuminescence and transmitted light to obtain the best possible 
contrast in surface features. 
Epidermal tissues prepared in this way consistently exhibit 
swellings on the undersurface in the polar regions of the guard cell 
complexes (Plate J. ?A). In cer-tain complexes, and especially those 
which have become partially dehydrated o·n the microscope stage, the 
polar sHellings are much less pronounced and often reveal an underlyir~ 
discoid body. The body is ea. 10 pm in diameter and lies in a 
position which corresponds to that of the darker central core of the 
p.s.ls. formed as a result of treatment with ~~callum's stain 
(racallum, 1905) (Plate J,?B), The potassium-rich strands demonstrated 
with the Macallum technique appear as membranous folds on the inner 
face of the complex (Plate J.?B). 
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·:oBSERVATiONS IN IracJescantia spp 
I Modified Macallum's histochemical stain 
Two species of Tradesca.ntia, Tradescantia x andersoniana 
and Tradescanti<'~ p3.llidus, have been used extensively in the present 
study. T. pallidus exhibits the clearest and most consistent p.s.ls. 
of any plant species examined (vide·chapter 8). 
In both Tradescantia spp., the p.s.ls. conform to those 
found in Po~ypodium vulgare with the exception that the stain 
pre:.cipitates in a more uniform mam1er and rarely exhibits a bimodal 
staining pattern (Plates J.8 & 3.9A). The darker-staining central 
o.rea is apparently absent. Another difference is tha:t the potasdum-
rich strands found to radiate out from the p.s.ls. in P. vulgnre 
are not present in 'l'radescantia. spp., although non-staining strands 
extend between the polar extremities of the p.s.ls. and adjacent polar 
subsidiary cells (Plate ).9B). As in P. vulgare, the p.s.ls. are of 
a. very superficial nature on the inner face of the guard cell complex 
and can extend beyond and below the polar cell walls of the. complex 
(Plate J.9D). An occasional feature noted in some submatm·e stomatal 
complexes of T. pallidus is an additional amorphous element of the 
p.s.ls. lying inunediately between the standard element of the p.s.l. 
and the guard cells, which extends laterally into the intercellular 
region between the polar and lateral subsidiary cells (Plate J.9C). 
The p.s.ls. shoN a variable reaction to the l'lacallum stain 
(Jtacallum, 1905) if the guard cells or their associated subsidiary cells 
have been damaged during removal of the epidermis from the leaf. 
Damaged regions are almost al1·rays confined to torn or cut peripheral areas 
of epidermal peels. UsuaHy damaged stoma tal complexes fail to 
develop p,s,ls,, but in some cases they will even when the guard cell 
complex has been mutilatEld prior to staining (Plate J,lOA). Once 
the epidermis has been stained, mutilation of guard cell complexes 
d1d not result in the disappearance of the p.s.ls., even when the 
p.s.ls. were directly affected (Plates ),lOB & c). 
An interesting feature. observed in Tradescrmtia, but not 
in Polypodium vulgare, is the development of multi-laminate p.s.ls. 
(Plato J,llA), in which the stain appears to have been precipitated 
in up to five superimposed sheets. The individual sheets vary in 
extent with the result that staggered margins are visible at that end 
of the p.s.l. proximal to the stoma. Close examination of the 
margin adjacent to the polar subsidiary cell shows that the edges of 
the individual lamellae have a stacked vertical relationship (i.e. 
they are not s-mggered), and that those associated with the 
localisation in one guard cell are not contiguous with those in the 
adjacent guard cell; the break occurring below the common anticlinal 
guard cell walls (Plate J .llB). 
An interesting feature observed in Tradescantia spp. is 
the occurrence of cobalt-rich vesicles in the subsidiary cells of 
some tissues. The vesicles are more numerous in the polar subsidiary 
cells and are generally situated deep within the protoplast. They 
are usually associated with fine cobalt-rich strands which interconnect 
adjacent vesicles, radiate out into the surrounding protoplast, and 
occasionally can be seen to communicate directly with the general 
region of the p.s.ls. (Plate J,l2). These structures were the only 
evidence obtained that cobalt, from the ~Ja.callum stain, can be 
preclpitated in a non-granular form in unequivocably intracellular 
55 
locations, in what appea.r to be small vacuoles. 
!Heavy metal staining in Tradescantia x andersoniana 
I ·-
A physical characteristic of the polar structures is their 
ability to adsorb a variety of ions from the transpiration stream 
(vide Chapter 11). The follcwing observations were made on e,pidermes 
removed from excised leaves 0f TTadescantia x andersoniana which had 
been fed with 7,5% aqueous solut.ion of cupric sulphate through their 
cut ends for 16 hours at 5 400 lx. The copper was visualised 
optically by a post treatment of 5% ammonium sulphide. 
Cupric ions fed into the leaves generally accumulated in 
discrete localisations (as in the left hand localisations illustrated 
in Plate J.lJ). The p.s.ls. differ somewhat from those obtained 
with the Jr.acallum technique (Hacallum, 1905) in that a bimodal 
staining pattern, similar t.o that in Polypodium vulgare is present. 
The darker-staining element is i·estr:icted to the extreme pole and lies 
between the paler-sta.ining element and the guard cell. The polar 
structures can extend laterally into the region betHeen the polar and 
lateral subsidiary cells as found in submature Tradescantia pallidus 
(Plate J,lJA, c.f. Plate J.9C). Each p.s.l. in T. x andersoniana 
appears to be composed of a pair of elements, as in P. vulgare, each 
of which is associated with its adjacent guard cell. An extreme 
case of dimorphism between the two elements of a single pole is 
illustrated in Plate J.lJB. Not infrequently one, or even both, of 
the elements in a single p.s.l. fails to adsorb the heavy metal as in 
Plate J.lJC, where one element of the structure has adsorbed the 
cupric ions whilst the other has not, although it is possible to 
determine the rather vague outlines of the latter. 
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!DISCUSSION 
i. Relationship of present findings to previous studies 
The light microscopical studies indicate that an unique 
localisation of potassium occtrrs in the polar regions of the guard 
cells in certain plants. The p.s.ls. are believed to be a 
manifestation of an hitherto unknmm stomatal structure. There are 
no reports in the literature concerning the potassium localisations 
reported on here despite extensive studies on potassium fluxes within 
the stomatal complex carried out using the l>'acallum's histochemical 
stain (i'lacallum, 1905). Care'ful examination of the numerous 
illustrations of epidermes treated Hith Hacallum's stain in the 
literature often reveals the presence of the p.s.ls., in relevant 
species (vide Chapter 8), although they are frequently hidden by more 
general precipi~~tion. The best published illustration is probably 
that of Commelina communis (Squire & Hansfield, 1972, Plate 2.la). 
However, .the earliest reference to p. s .ls. in guard cells is that of 
Dra.wert (1942) who reported on, and illustrated, the accumulation of 
toluidine blue at the poles of the guard cells complexes in 
Tradescantia virginica {sic~ = virginiana = x andersoniana). Neither 
he, nor later workers, pursued these findings (~Chapter 7). 
Yamada et al. (1966) reported on the presence of ion-
binding sites on isolated cuticular Gurfaces of astomatous e'pidermes 
of ripe tomato fruit and stomatous epidermes of onion leaves, They 
found that the inner cuticular surface had a much greater ion-binding 
capacity than the outer surface and, in onion epidermes, ions were 
bound preferentially to a sac-like structure on the inner cuticular 
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surface subtending the ct<)Jr.ata, Their findings must be treated with 
some caution since it would aP,])ear that they assumed they were 
dealing Hith a single cuticular sheet, In fact, they :'!ere probably 
comparing the outer surfaces of bro cuticles - one being the classical 
cu-ticle which commonly covers the outer epidermal surfaces in most 
plants (= their outer surface), and the other being the endocuticle 
(= their inner surface) which is, perhaps, not fully recognised by 
some workers. Evidence of an inner cuticle, or endocuticle, will be 
discussed in Chapters 4 & 5. The substomatal bag they refer to on 
the inner surface of the cuticle is probably referable to a sac-like 
structure trhich is contiguous with the endocuticle below the stomata, 
e.nd could be formed from the endocuticular lining of the substomatal 
chamber. In any case, the single bag they report on as being 
associated Hith each stomatal complex is not comJ;\3-tible with the 
paired polar structures associated with each stomatal complex found in 
the present study. Further confirmation that the structures reported 
on by Yamada et al. (on. ·cit.) are not-analogous with those discussed 
here, is .the absence of p,s.ls,, or for that matter substom:1tal baes, 
when onion epidermes were treated with the Nacallum stain, 
'l'he presence of 'polar vesicles' in the guard cell complexes 
of Casuarina Here reported on by Rehfous (1917), and similar structures . 
from the stomata of Fsilotum by Zimmermann (1926). Casuarina has 
recently been re-examined by Rant et al. (1975) who consider the 
structures to result from differential cutin deposition in the polar 
regions of the guard cells, forming distinct lamellae, A similar 
conclusion was reached in the present study during the examination of 
B01-renia stomata which would also appear to have distinct polar 
structures formed by lamellar protruberances on their internal faces, 
Differential thickening of cell wall / cutin eleroents at. t.he poles of 
suard cells may be a common feature of the more primitive woody plants, 
as they were also found in Ginko biloba. In the case of Psilotum, it 
is believed that Zimmermann's report (op. cit.) of' stomatal anomalies 
in the polar regions may be a case of' misinterpretation caused by the 
dumbell-shaped lamen of the guard cell. Sawyer (1932) reports that 
the thickened anticlinal ~ralls of the guard cell complex in 
Vaccinium spp. gives rise to the appearance of polar pouches. A 
re-examination of this feature in V. myrtillus indicates that the 
pYUches are formed by the subsidiary cells completely subtending the 
... 
guard cell complex except in the polar regions. Differentially-
thickened polar guard cell walls have been reported from a variety of 
species by Raju et al. (1975), but whilst the present study con:firms 
their existence under the light microscope, transmission electron 
microscopy does not support this interpretation. It is believed 
that the cell ~ralls concerned are not actually thickened, but. that 
they appear so under the microscope due. to the refraction of light as 
it rnsses through the length (depth) of the vertical cell walls. 
Formulation of models of polar structures 
From the light microscope studies on the p.s.ls. in 
Polypodium vulgare and Tradescantia spp., it is possible to draw up 
hypothetical models of the polar structures. 
There can be little doubt that the polar structures are 
extracellular since evidence obtained here precludes the possibility 
of their inclusion within the guard cell protoplast. The p.s.ls. 
must, therefore, be formed within, or on the face of, the lower 
periclinal g1tard cell walls, and within any space that might exist 
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bet1men the Be ·Walls and the underlying en<locuticle, or else they must 
be directly incorporated into t.he end.bcuticle. 
'l'he evidence obtained in this study strongly suggests that 
trro differentially-staining elements are involved, a smaller dark-
.staining body of comparatively uniform size, and a paler-staining 
peripheral element which is very vari0;ble in size. The evidence in the 
case of l:_j\'l.llidus is rather weak but it is suggested that the density 
of the reaction obtained with the l•lacallum stain (l'acallum, 1905) may 
have ~~sked the presence of the smaller body, The fact that the 
darker-staining element is of constant size suggests that it may be 
either a solid structure or a discrete specialised area of the cell 
wall. Careful focussing with the microscope indicates that this body 
lies betHeen the paler-staining element and the guard cell wall. The 
above features are common to both P. vu1gare and Tradesc-3-ntia spp. 
The nature of the more extensive paler element of the 
structures varies between Polypodiwn and Tradescantia. ln the case 
of P. vulga.re, the evidence ·indicates that this element may take the 
form of a swollen sac, a feature which has not been observed in . 
Tradescantia. If this element of the structure does take the form of 
a substornatal sac, and there is strong evidence for this supposition 
(Plate J.7), it must almost certainly be contained in an elastic 
element of the guard cell. This material requirement for the structure 
must preclude the cell walls themselves, since although they do have 
an elastic capability, it could hardly seem possible that they could 
accornodate such a distension as indicated in Plate J,JB. A more 
logical location for this sac-like structure is a space between the 
endocuticle and the lower periclinal cell walls of the guard cell 
complex •. 
60 
In the c~se of TTadescantia spp., evidence of substonatal 
swellings is lacking. However, .a multilaminate staining pattern was 
revealed in T. pall id us (Plate ) .ll) • - To main1;,.'lin a mul tilamina te 
structure, it is necessary to separate the successive layers in some 
way, and the only known structures in the polar regions of the guard 
cells 1-1hich could perform this fl!nction are the lower periclinal cell 
walls. To accomodate a seTies of plate-like structures it wotud be 
necessary for the cell wall in this· region to have a laminate structure 
itself. Although there are no reports in the literature of cell walls 
containing intra-mural cavities, it is established that cell wall 
elements are laid down sequentially during cell wall formation 
(Esau, 1965). However, Chafe & Hardrop (1972.) have shoHn that the 
periclinal walls of epidermal tissue from a variety of angiosperms 
are composed of successive layers of longitudinally-orientated 
microfi brils alternating with transversely-orientated microfibrils 
~:ith the latter layers in continuum with the microfibrillar 
orientation of the anticlinal walls. The microfibrillar layers ~:ere 
considered to be laid down in an appositional m~nner so that 
successive lamellae were not bonded together as they would be if the 
layers were laid down intususceptively. Chafe (1970) noted that the 
longitudinal lamellae in collenchyma walls contained a higher pectin 
content than the transverse lamellae, but Chafe & ilardrop (op. cit.) 
were unable to confirm this feature in epidermal cell walls although 
they did detect a weak lamellar deposition of pectin within the walls. 
The other ~'"tin difference between the polar structures in 
Polypodium and Tradescantia concerns the darker-staining central body. 
In the case of P. vulgare, the evidence suggeiSts that there is a 
single central body whereas,. in Trndescantia, the evidence supports 
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there being a ~~ir of bodies. However,, it would seem reasonable to 
assume that there is R.n intimate relationship between the darker- and 
lighter-staining elements of the structure. In both P. vulgare and 
Tradescantia, there are examples where one half of a single p. s.l. 
is developed to greater extent. thrtn the other, which may well suggest 
, that the darker central body actun.lly consists of a p3.ir of bodies in 
both genera. In Polypodium, the two bodies may be very intimate 
causing them to appear as a single unit under the light microscope. 
I Hypothetical model of polar structures in Polypodium 
- --
The hypothetical model for the polar structures in 
PolYJlodiurn vulga.re is b.-1.sed on the discussions of the pr.ecedinc; section 
and is illustra.ted, diagrammatically, in Fig. J.l. The darkly-
staining central element is considered to be a solid discoid binding 
site situated on the outer face of the lower periclinal cell walls at 
the poles of the guard cell complex. The p3.ler-staining peripheral 
element of the structure is believed to represent a substonutal polar 
sac, which is fluid-filled and cap3.ble of distension in nature, 
located betrreen the lower periclinal guard cell rralls and the 
endocuticle. The peripheral strands which traverse the outer 
anticlinal 1~alls of the guard cell complex are interpreted as hollow 
cylindrical endocuticular trabeculae. 
i l~fy-pothetical model o-f polar structures -irl T radescantia 
The proposed model for the structures in Tradescantia spp. 
(Fig. J.2) is more tentative t~~n that for Polypodilli~ vulgare. The 
major problem ·is to determine the location of the darker-stc1.ining 
element of the structure. It has to be accepted that the darker-
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staining elements (binding sites) in 'J'radescantia spp. :n.e betw&f:n 
the guard celi proto!Jlast and the paler-sta:Ln1ng elements as observed 
by -fine focussing of the microscope, and yet the only ctructure which 
can accomodate the multilaminate elements are the cell walls. This 
can only .mean th<:<t the binding sites are subtended by the lo~a~r 
periclinal cell Halls of the complex. Thus, the relative positions 
of the two elements of the structure are reversed in Tradescantia 
in respect of those in P. vulgare. However, the binding site in 
P. vulgare is undoubtably in a very superficial position on the outer 
surface of the cell wall. It is assumed that the binding sites in 
both Polypodium and Tradesco.ntia serve similar functions, and it would 
consequently be more plausible=: if the sites were located similarly in 
both genera. The binding sites in Tradescantia have, accordingly, 
been provisionally located in 'pockets' in the l01wr regions of the 
polar anticlinal walls of the guard cells. 
The only other major_difference between the polar structures 
in the two genera is that Tradescantia lacks the endocuticular sacs 
of PolyPodium. The paler-staining element of the structure is 
located in multilamina.te intramural spaces in the proposed model for 
Tradescantia spp. 
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Fig. J,l. · 
Hypothetical polar structures in Polyp:xlivm vuJgare, 
a. Plan view of the proposed structures. The binding 
sites are stippled heavily, the endocuticular sacs are stippled 
lightly. Axes band c refer to the planes of section illust1~ted in 
Figs. b and c respectively, The polar structures on the left-hand 
side represent the inflated condition of the substomatal sacs, whilst 
those on the right-hand side represent the deflated condition. 
b. Longitudinal vertical aspect of Figure a. The cell 
walls are stippled, and the binding sites arc in solid tone. 
c. 
polar region. 
Transverse vertical aspect of Fig. a, through the 
'The cell Halls are stippled, and the binding sites 
are in solid tone. 
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Endocuticular sac 
a Trabeculae 
Binding site 
Guard cell 
sac 
Fig. }.2. 
Hypothetical polar structures in Tradescantia spp. 
a. Plan view of the proposed structures, The binding 
sites are stippled heavily, the intramural lamellae are stippled 
lightly. Axes b and c refer to the planes of sections illustrated in 
Figs. band c respectively. 
b. Longitudinal vertical aspect of Fig. a, The cell 
walls are stippled, and the binding sites are in solid tone. 
c. 
polar region. 
in solid tone. 
Transverse vertical aspect of Fig. b, through the 
The cell walls are stippled, and the binding sites are 
a 
Binding site 
Intramural 
lamellae 
b 
c 
Guard cell 
c 
Binding site 
Intramural cavity 
Plate J,l. 
Polar stain J.ocalisations in Pol,ypodium vulf@re, I. 
Epidermal strips stained liith the basic Macallum stain and viewed from 
the side adjacent to the mesophyll. 
A. Lmv power view, x 250. Hicrograph illustrates the 
typical distribution of the stain with the polar stain localisations 
in the guard cell complexes. 
B. Polar stain localisations in a guard cell complex, 
X 1 000. 
c. Single guard cell complex, x 1 000. The bimodal 
distribution of the stain can be seen within each polar stain 
localisation, 
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Plate J,2, 
Pola.r stain localisa tions in Poly;podium vulgare, II. 
Light micrographs of guard cell complexes treated with the basic 
1-la.callum stain, x Boo. 
A. Viewed from the external surface. The polar stain 
localisations can be seen to subtend and extend beyond the polar cell 
walls of the guard cell complex, 
B. Vietred from the side adjacent to the mesophyll. The 
polar stain localisations can be seen to extend beyond the polar walls 
of the guard cell complex. 
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Plate J.J. 
Polar stain localisa.t~in Polypodium vulgare, Ill. 
Light micrographs of stomatal complexes treated Hith the basic l1lacallum 
stain a.nd viewed from the side adjacent to the mesophyll. 
A. Guard cell complex, x 1000. Cobalt-rich strands can 
be seen to radiate out from the polar stain localisations and traverse 
the peripheral anticlinal Halls of the complex. 
B. Single polar stain localisation, x 1,700. This 
micrograph illustrates the swollen sac-like nature of the localisation, 
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Plate 3.4. 
Polar stain localis1l.tions ln Polypodium vulgare, IV. 
Light micrographs of guard cell complexes treated with 7,5% (w/v) 
modified i'lacallum technique and viewed from the side adjacent to the 
mesophyll, x 1 000. 
A. A guard cell complex shoHing the bilobed appearance 
of the polar localisations. 
B. A guard cell complex which has apparently been 
dama.ged during preparation illustrating the discreteness of the individual 
polar J.ocalisations. The elements containing .the localisations in the upper 
guard cell have been ruptured and their contents dissipated, The 
localisations in the lower gua.:r.d cell have retained their integrity. 
C. A guard cell complex in ~rhich the lmo~er guard cell 
is apparently dead (i.e. it lacks a protoplast). The polar 
localisations are only associated with the living half of the complex. 
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Plate 3...:2.· 
Polar stain localisationr; in clead guard cells of Polypodium vulr;are, I. 
Light nd crographs of dead stoma tal complexes stained Hi th the "basic 
Hacallum stain ancl viell(~d from the side adjacent to the mesophyll, 
X 1 000, 
A. A guard cell complex exhibitin~ very extensive 
polar stain locali:>ations Hhich have a distinct bimodal stain 
distribution. Note the cobalt-rich strands traversing the outer 
anticlinal ~1alls of the guard cell complex. 
B. A guard cell, complex illustrating a norma.l polar stain 
localisation at one end of the complex. 'l'he polar stain localisation 
at the other end shm-1s the presence of only a single element., 
- C. A guard cell compJ:ex Nith a normal polar stain 
localisation at one end only. The small-localisation at the other end 
is believed to represent the darker staining central element c.s found 
in localisa tions tlhich ex hi bit a bimodal staining pat tern as in A, 
above. 
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Plate 3.6. 
Pole.r stain localisation in dead guard cells of Polypodium vulgare, II. 
Light micrographs of dead guard cell complexes stained with 7,5% {w/v) 
modified Nacallums reagent, vie1~ed from the side adjacent to the 
mesophyll, x 1 000. 
A. Guard cell complex ~rith the polar stain localisations 
attached to each other in the region immediately adjacent to the stoma. 
B. Polar stain localisations extending into the throat of 
the stoma. 
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Ple te .l:..Z. 
Substomatal polar sHellings in Polypodium vulga.re. 
Light microgra.phs of epidermal tissue dry-mounted onto a slide with 
double sided adhesive tape. The tissue is unstained and viewed from 
the side adjacent to the mesophyll, · x 850. 
A; The guard cell complex exhibiting sac-like structures 
which correspond in position to the .polar stain 1ocalisations. 
B. This complex illustrates the strands radiating out 
across the outer anticlinal Halls of the guard cell complex to the 
surrounding epiderma.l/subsidi~ry cells. As in A, above, the common 
anticlinal walls of the complex are not visible. 
body lying at the right hand pole of the complex. 
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Plate J. 8. 
Polar stain lcicalisations in Tradescantia pallidus, I. 
· Light micrograph of epidermal tissue stained 11:i.th 7 Si~ ( 11/v) 
modified ~acallum's solution and vie11ed from the side adjacent to the 
mesophyll, x JSO. 
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Plate ).9. 
Polar stain locaUsaUons in TradescanUa pallidus, II. 
Light micrographs of guard cell complexes atained with 7,5% (H/v) 
modified Macallum 's reagent and vie~red from the side adjacent to the 
mesophyll, x l 000. 
A. Typical polar-stain localisations. 
D. Polar stain localisation shoHing how they can extend 
, beyond the polar anticlinal Halls of the complex (right hand side 
locaUsa t.ion). Trabeculae can be seen extending from the localisations 
onto the polar subsidiary cells, but, unlike those of Polypodium vulgare, 
thay have not stained. 
C. The left hand localisation is made up of two elements, 
one of which extends laterally betHeen the polar and' lateral subsidiary 
cells. 
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Plate J.lo. 
Polar stain localisations in Tradescantia pallidus 1 III. 
I.ight micrographs of damaged guard cell complexes stained with 7 1 5'!& 
(tt/v), modified Hacallum 's reagent and viewed from the side adjacent 
to the mesophyll. 
A. Stomatal complex which ttas damaged before the 
lolacallum treatnient, x 1 200. Note ho1-1, although the riG"ht hand polar 
localisation is not staineu, it is represented by a structural 'shell'. 
B. Stomatal complex damaged after it had been treated with. 
the fllacallum stain, x 1 000. Note h0\'1 the UJldamaged loca.lisation 
retains it integrity despite the chloroplasts having been squeezed out. ' 
c. Stomatal complex damaged after it had been treated Hi th 
the l•lacallum stain, x 900. Note hoH the remaining part of the 
da.maged polar stain localisation retains its integrity. 
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Plate ).ll. 
Polar stain localisations in Tradescantia pallidus, IV. 
Light micrographs of gua.rd cell complexes stained ~1ith 7 ,5~~ modified 
fl!acallum's reagent and viewed from the side adjacent to the mesophyll. 
A. Polar stain localisations illustrating their laminate 
appearance, x 900. 
B. A single polar stain localisation illustrating 
how the localisation is made up uf to 5 superimposed laminae. The 
individual laminae cil.n be seen at the extreme polar end of the 
localisation (arrmred). 
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Plate ~.12. 
Polar stain ·loca.lisa.tions in Tradescantia pallidl@.r.....Y· 
Stomatal complexes stained with '?,5% (w/v) modified l·iacaHum's reagent 
and viewed from the side adjacent to the mesophyll, x 700. 
A. .·A typical exarr:ple of polar stain locaJ:isa tions. 
B. The same complex but_focussed in the subsidiary cells. 
The arrous point _to cobalt-rich vesicles from ~1hich fine strands ·. 
emanate. 
C. Another complex shmling cobalt-rich vesicles in both 
the polar and lateral subsidiary celis. The vesicles in the polar 
subsidiary cell are connected to each other by fine strands and the 
l01wrmor;;t vesicle of this group of three appears to be connected to 
the polar stain localisation by a similar strand. 
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Polar stain localisations in Tradescantia x andersoniana, 
Light micrographs of stomatal complexes ~1hich have been stained with 7,5% 
aqueous cupric sulphate in their transpiration stream. The complexes 
are viewed from the side adjacent to the mesophyll, x 570. 
A. The right hand polar stain localisation is extended 
laterally into the region between the polar and lateral subsidiary cells. 
B. The right hand polar stain localisation in the lower 
guard cell is extended into the region betl-reen the guard and lateral 
subsidiary cells. 
c. Only one element of the right hand polar stain 
.· 
localisation has· developed, although the undeveloped one is just .~· 
visible. 
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1- . '0 . 1CHA, TER 4 
i TRAN$fv11SSION ELECTRON MICROSCOPE STUDIES 
!. _INTRODUCTION 
The light micro~copy studies of the previous chapter 
provided evidence that previously unreported polar s.tructures occurred 
on the inner face of certain stomatJJ.l complexes. Analyses of these 
findings were informative enough to construct provision..'l.l hypothetical 
models of these structures which were based on the surmise that they 
consisted of an extracellular darker-staining .central binding site 
surrounded by a more extensive peripheral element whose size was 
probably osmotically or imbibitionally controlled. 
Evidence concerning the exact structure of the hto elements 
of the polar structures was not forthcoming from light micToscopy 
studies however, and it was decided to pursue this aspect of the 
investigation by transmission electron microscopy. The basic aim of 
these studies was to identify the physical nature of the binding sites 
and to establish their exact location within the stomatal complex, 
both in relation to the peripheral elements of the structures and to 
other established stomatal features. 
Before continuing the studies on the structure of the 
binding siteslater in this chapter, the ultrastructural features 
of the guard cells in Polypodium vulgare and Tradescantia pallidus 
'19 
will be considered. A C;omparison between these two species is 
particularly relevant because it highlights the differences in stomatal 
ultrastructure in ferns and mesophytes • 
. ULTRASTRUCTURAL STUDIES 
The follmdng studies ~1ere carried out on whole leaf segments 
fixed in glutaraldehyde and osmic acid, embedded in Spurr epoxy-resin, 
and post-stained with uranyl acetate and lead citrate, as detailed in 
Chapter 2. 
; Observations in Polypodium vulgare 
The most distinctive feature of the guard cells is the 
large nwnber of chloroplasts present and their rich starch content 
(Plate 4.1, et se~.). It is estimated, from electron micrographs, that 
a typical guard cell contains between 80 and lOO chloroplasts which are 
each ea. 4,5 ym by J,O pm. Those of the mesophyll are ea. 7,5 }llfl by 
),5 pm (c.f. Plates 4.2 and 4.J). The grana of the guard cell 
chloroplasts had an average of some six thylakoids in each granal 
stack, and are rather poorly developed when compared Hith those of the 
mesophyll. Numerous osmiophilic granules of ea. 0,1 pm diameter are 
present within the stroma of the chloroplasts and are apparently more 
numerous in those of the guard cells than in those of the mesophyll. 
Chloroplasts are present in the guard-cell mother-cell 
(Plate lf.7A) and contain relatively well-developed granal stacks. 
By the time the young guard cells are fully differentiated, but still 
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submature, the starch content of the chloroplasts is extremely high 
::tnd exceeds that of fully mature guard cells proportionately (Plate 4.9). 
The relative area of the sections occupied by the chloroplasts appears 
to be greater in subrnature than 111ature guard celJ.s, ~Table 1+.1. 
Table L~.l. 
The percentage areas of the guard cell protoplasts (excluding the 
nucleus) occupied by chloroplasts in Polypodium vulgare. 
rlate number Age of tissue % area of protoplast (excluding the 
nucleus) occupied by chloi·oplas ts 
-
4.1A inature 56% 
4.1B mature 51% 
4.6A mature 45% 
4.6B mature 39% 
4.9A submture 63% 
4.9B sub1113.ture 61% 
The cell walls of mature guard cells vary in thickness from 
ea. 1,2 pm (0,8 - 1,4 }lJTI) in the pericline.l plane, to ea. 0,5 pm 
(0,4- 0,7 pm) in the anticlinal plane with greatly thickened regions 
occurring as ridges protecting the upper and lot~er limits of the stoma. 
(Plates 4.4 and 4.5A). An interesting feature demonstrated by some 
polar sections is the laminate nature of the lower periclinal guard 
cell walls in which the stoma is subtended by an unbroken cell wall 
element which arises in the lorrer periclinal wall of one guard cell, 
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subtends that of its partner, and merges into that of the adjacent ·, 
subsidiary cell (Plate 1+ • .5A). 
The inner anticlinal Halls of the guard cells are formed 
immediately after the guard-cell mother-cell divides to form the pair 
of daughter guard cells. The first indication of their formation, 
after nuclear division, is the aggregation of endoplasmic reticular 
vesicles in the plane of the phragmoplast (Plate 4.7B). The vesicles 
enlarge, and eventually fuse together, as cell wall components are 
laid d01m in the . anticlinal plane (Plates 4. BA and 4. 9). The 
development of the cuticularised ridges is of particular interest 
since it is brought about by cell ~rall depositions on the side of the 
llall adjacent to the protoplast trhich has the effect of considerably 
distorting the developing guard cell lumen (Plate l}. 8). During the 
development of the thickened ridges, the external cell wall surface of 
the ridge is depressed below tl~t of the rest of the guard cell 
(Plate 1+.8B). The regions of the periclinal walls immediately 
adjacent to the developing ridges remain particularly thin. The 
common anticlinal cell Hall of the immature guard cell complex sepu.rates 
to form the stoma from the mesial regions outwa~~s so that the last 
to part are those cuticular elements at the apices of the r.idges 
(Plate 4.8). 
The cuticle is poorly defined in this species, but a very 
thin cuticle can be observed, in both mature and immature tissue, 
covering all the external faces of the epidermis, including that of 
the stoma, and the exposed surfaces of the mesophyll tissue. In only 
one instance tras evidence found to support the presence of endocuticular 
trabeculae, as predicted from light microscopy studies in Chapter ), 
and this is in a submature complex (Plate 4.9B). This evidence is 
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rather weak since close e~aminn.tion of the lumen of one of the 
tra:becl'~ae indicates that it is filled with a matrix of identical 
composition to that of the adjacent epidermal cell wall and is, indeed, 
contiguous t'lith this structure. It is possible, therefore, that the 
'ta:becula', in this case, is actually a cell wall element as illustrated 
in the mature complex in Plate 4.5A. 
No evidence was found for the presence of plasmodesmata 
\ 
in mature guard cell walls although they are numerous in the 
surrounding epidermal and subsidiary cell walls (Plate 4. 5B). 
Similarly, no identifiable ectodesmata were found; the ectodesmata-
like structures illustrated in Plate 4·.'+ are artefacts probably caused 
by the sections folding in the cell wall regions as they dried out. on 
the grids. Plasmodesmata-like artefacts have been similarly produced 
in Plate Lf.lB. 
Numerous gaps are often visible in the common anticlinal 
cell walls of recently formed guard cells and also in the anticlinal 
~1alls beh1een the guard-cell mother-cell and adjacent protoderm cells. 
These gaps are inter-vesicular spaces ~1hich are present during the 
early stages of cell wall formation but gradually disappear as the 
cells matw:e. Although they may superficially resemble plasmodesmata, 
shortly before they disappear, they cannot be regarded as such because 
of their transient nature, and their lack of associated pit fields. 
Vacuolcs are of particular interest in guard cells 
since they are thought to act as the sink for osmotically-active ions 
which accwnulate during stomatal opening. 'fhey are difficult to 
analyse from electron micrographs in this species since they are 
polymorphic (Plate 4.1 et seg.). 'fhere is apparently no single large 
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vacuole, the vacuolar element beine made up of numerous, often Nidely-
separated, smaller components. The vacuolar elements in some of the 
sections illustrated at the end of this c!1.apter Here analysed in respect 
of the area of the protoplast occupied by the vacuoles as Hell as the 
nature of their matrix in Table 4.2. Only those sections Hhich 
exhibit unambiguous vacuoles are considered in Table 4.2. 
Table 4.2. 
Analysis of vacuolar elements in sections of Polypodium vulgare. 
Plate Age of Vacuolar element Vacuolar ma.trix Inclusions 
number tissue as % of total 
protoplast area 
(excluding nucleus) 
l~.lA mature 7% electron many 
translucent membranous 
electron opaq_ue absent 
4.1D mature 11% electron 
translucent absent 
18% electron opaque many 
membranous 
4.6A mature 2J% electron dense absent 
4.6B ' mature Y+% electron .· osmiophilic 
translucent granules 
,, 4.9A sub- 24% electron absent· 
mature translucent 
4.9B sub- 22% electron some large 
mature translucent osmiophilic 
but grainy elements 
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Mitochondria are more mn,Jerous in the guard cells than in 
nther epiderrr~l or mesophyll cells. They exhibit well-developed 
cristae and contain osmiophilic granules of ea. 25 11m diameter. 
The guard cell cytoplasm is particularly rich in endoplasmic 
reticulum and myelin figures (Plate 1+.2A) are not uncommon. 
Osmiophilic lipid bodies with darker staining cores, identified as 
spherosomes (Pallas & Mollenhauer, 1972), were found in the peripheral 
regions of the guard cell protoplast in some sections (Plates 4.4 and 
4.5A). No confident identification of peroxisomes or dictyosomes were 
made. In some sections, unidentified spherical organelles were 
observed around the periphery of the protoplast (Plate 4.6) which were 
variable in size (0,4- 0,7 pm in diameter) with a. comparatively 
electron transparent. core surrounded by·a denser marginal aTea. 
Observations in the Commelinaceae 
Guard cell structure in Tradescantia pallidus will only be 
briefly compared with that of Polypodium vulgare, since it is of a 
typical mesophyte-type which.have been described previously in the 
literature (Allaway & Setterfield, 1972; Pallas & Mollenhauer, 1972; 
Pearson & Nill thorpe, 19741 Fujino & Jinno, 197?.). 
The upper periclinal and all the anticlinal walls of the 
guard cells are beb~een 0,3 and 0,5 pm thick. Ho~rever, the lmrer 
periclinal lralls are greatly thickened to ea. 1, 5 pm near the poles of 
the complex (Plate 4.10B), increasing to nearly 3,0 pm in regions 
adjacent to the stoma (Plate 4.10A). There is tentative evidence 
that the outer regions of the lower periclinal walls near the pole of 
the complex are distinct from the inner regions in that they merge 
insensil:Jly into the cell walls of the adjacent lateral subsidiary cell 
(Plate 4.10B). An interesting cell rlall featm·c, not present in 
P. vulgare, is the crenulated outer surface of the lower periclinal 
cell Nalls inunediately adjacent to the lateral subsidiary cell 
(Plate 4.10A). The cuticle, whilst having a similar distribution to 
that of P. vulgare, is better developed and particularly heavy on the 
protective ridges of the stoma, No plasmodesmata were observed in 
the guard cell walls although they are widespread in other epidermal 
cell r1ans. 
The epidermal cells ofT. pallid1m differ from those of 
P. vule;are in that chloroplasts are virtually absent in these cells 
and only occur as rudimen~~ry bo~ies which are frequently associated 
with the nuclei. The most significant difference bebmen the guard 
cell complexes of the two species is that in T. pallidus there are 
only 15 to 2.5 (av. 20) chloroplasts in each guard cell although, as in 
P •. vulgare, they contain many sites of starch 'deposition a~d many 
osmiophilic lipid bodies (Plate 4.10). The guard cells of T. pallidus 
also contain many mitochondria rlith Nell-dcveloped cristae but no 
positive identifications of dictyosomes, spherosomes, or peroxisomes 
rlere made and, if present, can only exist in very reduced numbers. 
The vacuolar element in T. p!tllidus is very extensive 
but this may be partly due to the dearth of chloroplasts, The 
vacuolar volume is made up of numerous smaller irregularly-shaped 
units interspersed with cytoplasmic strands, Membranous vesicles 
and osmiophilic granules of up to 0,5 }lffi in diameter appear to be 
conunon vacuolar inclusions, 
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:slUDIES ON TISSUE PRETREATEO WITH MACALLUM'S STAIN 
Standard fixation and embedding procedures failed to. r.eveal 
any specialised structures ansociated Hith the polar regions of the 
guard cells with the possible exception of the anomalies noted in the 
lowe1· periclinal ~ralJ.s of the guard cell complex in this region. 
HoHever, the light microscope studies in Chapter J strongly implicated 
the presence of a binding site on the outer face of the lower 
periclinal cell Halls near the poles. of the guard cell complex as 
visualised by the precipitation of the cobalt stain, 
Cobalt is very electron-dense and should appear as an 
electron-"dense mass at the site of deposition under the transmission 
electron microscope. Consequently, the ul-trastructural r;tudies Here 
repented on epidermal strips Hhich had been pretreated Hith the 
modified Nacallum stain (7 ,5% H/v) and subsequently processed in the 
usual Hay with the exception of the post-staining sequence detailed 
in Chapter 2. 
~--Observations 
The cobalt depositions were almost completely leached out 
of the epidermal strips of PolYJ?odium vulgare, as. has been described 
and discussed in Chapter 2, In Commelino. communis, small areas .of 
the tissues retained appreciable amounts of the cobalt precipitate 
although, unfortunately, no guard cells from these areas Here 
sucessfully sectioned through their polar regions. 
A section through the central region of a guard cell of 
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C. comm1mis it3 illustrated in Plate 4.11A. Very dense cobalt deposits 
occlude the greater part of the cytoplasm around the nucleus and can be 
seen to be associated 11ith ~1hat is assumed to be the plasmalemma -on 
the inner face of the ·upper parts of the outer anticlinal cell ~1all. 
The present study indicates that cobalt is not deposited to any great 
extent within the vacuoles or onto organelles. A layer of 
precipitate covers the endocuticu1ar region of the lower periclinal 
cell wa1l on the immediate outside of an electron translucent outer 
layer of the cell wall ~1hich is ea. 0,15 pm thick. This outer cell 
wal1 element is infiltrated by more recognisable cell wall material 
(Plate 4 .llB). Interestingly, no evidence of cobalt can be found 
rlithin the cell walls to indicate how it might be taken up from the 
Ha.callum's stain into the protoplast. 
'fhe eo balt was also found precipitated into small deposits 
in the peripheral regions of the epidermal cells (Plate 4.12). 
Close examination of these deposits shm1 that the bulk of the cobalt 
is incorporated into the cytoplasm ~li th smaller amounts associated 
with the adjacent plasmalemma (Plate 4,12A). Cobalt-rich pinocytotic-
like vesicles occur on the plasmalemma and cobalt-rich strands extend 
·between the plasmalemma and the cytoplasm. 1Xa.minations of high 
magnifications of the deposits (Plate 4.12B) indicate the presence of 
a large number of circular (~spherical?) aggregations of cobalt in the 
cytoplasmic r~ss. Very fine electron transparent threads of ea. 
5 nm thiclmess run through these aggrega tions both in the cytoplasm 
as well as in the plasmalemma and'its pinocytotic vesicles. In the 
few regions where the cobalt deposit is not so dense as to mask the 
threads completely, the electron translucent threads can be seen to be 
sandwiched bet.Neen pairs of electron dense layers. The width of the 
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whole structure is ea, 12 mn, which is compatible Nith that of an nnH 
;,;embranc. 
,
1MOPIFIED TRANSMISSION ELECTRON MICROSCOPE TECHNIQUES 
From the foregoing studies, it became clear that the 
hypothetical polar structures Here either completely electron 
translucent or became completely denatured in fresh tissue ~1hich had 
been fixed and' dehydrated in a standai--d embedding procedure. 
Furthermore, .when the tissue Has pretreated with Ha.callum 's stain, the 
cobalt depositions on the polar structm·er; disappeared during the 
protracted prepcuative procedures prior to embedding, It Has decided, 
therefore, to by-pass these.procedures by embedding the tissues 
directly into epoxy-resin after the Hacallum treatment and fixation 
in ethanol ( v:i.de Chapter 2 for details). 
:·Observations in Polypodium vulgare 
The guard cells were instantly recognisable by their starch 
content and in every case, where the section passed through the polar 
region of the guard cell complex, by a cobalt deposit inunediately 
underlying the common anticlinal ~1alls of the complex (Plates 4,1J & 
4.14). All theoe deposits were characterised by their being attached 
to the outer surface of the lo~Ter periclinal Halls of the complex and, 
in the majority of cases (typically as in PJ.a tes 4 .lJA & 4.14), by the 
lateral extremities of the structm·e hanging free of the overlying 
cell wall. From a study of the sections obtained, the structures 
appear to be disc-shaped with the central area being attached to the 
ovei:lying cell wan. The structure is delimited on its free sides by 
o. 1 membrane 1 of between 30 and 40 nm thickness. The structure is 
between 0,5 and 0, 7 )lm ln total thickness and has a lwnen containing 
crystalline aggregations of cobalt. The diameter of that part of the 
structure attached to the guard cell wall varies from 5,5 to 8,0 Jun 
wl1i1st the diameter of the total structure is up to 20 pm across 
(Plate 4.14). In some sections, the structure is apparently bi-lobed 
Hith a distinct break occuring betHeen the two halves immediately 
-below the common anticlinal walls of the guard cell complex (Plate 4.14 ). 
The cell Halls immediately above the cobalt-rich structures 
are frequently rich in cobalt crystals which results in the section 
tearing under the electron beam (Plate 4,1JA). The corners of the 
guard cell protoplasts immediately above the structures are also 
cobalt-rich but the quality of the sections does not permit the exact 
locations of these deposits to be identified (Plate 4.1J). Another 
.very interesting feature is that there is very often a cobe.lt-rich 
trace extending from beneath the endocuticle, immediately belcH the 
centre of the outer anticlinal Halls of the guard cells, which extends 
o bl iq uely through this cell Hall to reach the internal face, and 
presumably the protoplast, about half to three-quarters of the way up 
this Hall (Plate 4.1JA). 
Plate 4.15 is of an exceptional pale gold section (ea. 70 nm) 
through the centre of a guard cell. This micrograph gives a fair 
representation of the distribution of the cobalt within this region 
of the guard cell. The cobalt appears to be associated 1·1ith the 
plasmalemma, ~rhich has become pulled away from the cell trall, and the 
cytoplasm. Nore interestingly, the cobalt has become adsorbed onto 
the starch gra.nules in the chloropJ.asts, but is not associated with 
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either the thylakoids or the stroma, 
:observations in the Cornmelinaceae 
- -- - - -
Plate 1+,16A is a micrograph of a typical section through 
the polar region of the stoma tal complex of Commelina communis. The 
micrograph shoHs very heavy cobalt deposits in the walls of the 
complex but, like others, is characterised by a peculiar localisation 
in the lower periclinal cell walls. The localisation is contained 
chiefly within this cell wall, but also extends partially i11to the 
common anticlinal cell walls and, latera·lly, into the corner of the 
protoplast of the adjoining lateral subsidiary_ cell. It appears to be 
delimited by a membrane-like structure which is ea. 60 nm thick and 
extends along the faces of the cell ~1alls concerned and also passes 
through the common anticlinal ~1alls and lo~1er periclinal Halls of the 
complex as well,as through the subsidiary cell protoplast. 
The cobalt deposits within the guard cell Halls vary greatly 
in size from 12 nm to l,J pm in diameter and, as in Polypod:i.um vulgare_, 
have also become adsorbed onto the starch grains of the chloroplasts. 
The fixation procedure employed precludes the identification of the 
cobalt distr:i:bution within the protoplast, but it appears probable that 
it is associated with the cytoplasm rather than the vacuoles. Cobalt 
precipitates associated with the internal faces of the Halls of the 
guard and subsidiary cells appears as pinocytotic-like vesicles 
arising from the plasmalemma, 
A rather different type of cobalt precipitation is illustrated 
I 
in Plate 4.16B which is of a transverse section through a region 
adjacent to the stoma. In this section, the cobalt has precipitated 
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as monoclinic crystals within the cell walls. The crystals are 
odenta ted very regularly Ni tl".in the periclinal and upper anticlinal 
~1alls of the guard cell~:~. This regular orientation does not persist 
in the cobalt-rich sites of the protoplast Nhere, again, it seems to 
be reshicted to the cytoplasm and starch grains. 
The involvement of the anticlinal walls of the complex in 
the pathHay of cobalt into the protoplast is also shown in Plate 4.17 
which is of a transverse section through the corner of the stoma .• 
In this region, the periclinal walls show little sign of cobalt 
precipitate 1·1hilst the anticlinal walls are particularly rich. The 
cytoplasm adjacent to the anticlinal Halls is aiso cob-:llt-rich and 
exhibits pinocytotic-like vesicles. The cuticle is fairly ~rell 
defined in this section and it can be seen that there is a distinct 
trace of cobalt between the endocuticle and the lower periclinal cell 
wall llhich may persist as a trace up the middle lamellar region of the 
outer anticlinal l'lall of the guard cell. 
. - - . 
. LIGHT MICROSCOPY OF RESIN-EMBEDDED SECTIONS 
The problems encountered during the ultramicrotomy of the 
Macallum-treated tissue led to the examination of thick sections 
(1,0 to 1,.5 urn thick) under the, light microscope. It is difficuJ.t to 
determine ultrastructural detail in such sections but the general 
distribution of the cobalt is easily observed. 
,- -· . -- ... - - - ... 
· Observations in Polypodium vulgare 
Sections of tissue which had not been pretrea ted ~li th the 
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Ma.call:um stain rarely shoH<::d any polar structures. A fen sections, 
however, revealed evidence of substoma.tal sacs as indicated by the 
s!i.all arrows in Plate 4.18. The sacs vary from 9, 5 pm deep by 21,6 
; 
pm long and 5,8 pm deep by 18,0 }liTl long in Plate 4.18A, to 8,5 ym deep 
.bY 1),) )liD long in Plate 4.18B. The sacs are clearly restricted to 
the polar regions of the complex and do not impinge on the actual 
stoma although they do extend, in the other direction, onto the region 
below the adjacent epidermal cell next to the poles of the guard cells. 
'An internal structure is clearly visible within one of the sacs in 
Plate 4.18A which is lJ pm long by 8,5 pm deep. This structure is 
not considered to be an artefact, such as an air bubble, since as the 
inset to Plate 4.18A sh01~s, its lumen is filled 1·d.th resin as evidenced 
by the presence of the knife marks. 
Sections, pretreated with the J.la.callum stain prior to the 
modified embedding procedure, consistently showed that all the guard 
cell complexes sectioned through their polar regions were associated 
with a. plate-like cobalt precipitation immediately below their common 
anticlinal lralls on the outer surface of their lorrer periclinal cell 
walls (Plate 4.19). The lridth of the deposition varies with the exact 
location of the section but can extend to as much as 28 pm, as in 
Plate 4.19, and is generally 1,5 to 2,0 pm deep. 
Occasionally, the cobalt depositions show a very different 
form, appearing as hollow sacs belmr the poles of the complexes, 
Plate 4,20 illustrates three sections from the same complex. Plate 
4.20A is from a region tmrards the extreme pole of the complex and the 
structure is 1),6 pm wide by 7,0 deep; Plate 4.20B is rather further 
towards the stoma and the structure measures 20,0 pm rride by 6,5 )l1l1 
deep, nhilst Plate 4.20C is a section even further tmrards the stoma 
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and its structure is 2.5,0 )llll wide by 5,0 pm deep. Each structQce is 
apparently made up two separate elements; a thin element of 0,.5 p:n 
thickness along its upper edge (i.e. adjacent to the pcriclinal wall 
of the complex), and a thicker .element extending down the sides of the 
structure and along its' lower edge of ea. 1,7 pm thickness. There is 
not any appreciable cobalt precipitation within the structures. 
These micrographs also provide additional evidence for a cobalt 
'pathway' up the outer anticlinal 1~alls of the guard cells. 
!-Obsen/ations in the Commelinaceae 
Epidermes of Trad.escantia pa.llidu~, pretrea ted with I'IB.callum 's 
stain prior to the modified embedding procedure, exhibit dark cobalt 
precipiations in the loHer halves of their guard cell complexes. 
Serial sections (from different stomatal complexes) are illustrated in 
Plate 4. 21. In Plate 4,21A, the section passes through the extreme 
pole of the guard cell complex so that only elements of the polar 
anticlinal guard cell Halls are present ahutting into the polar 
subsidiary cell. The cobalt precipitate in this section is discretely 
contained in a sac-like structure Hhich measures l),O pm across by a 
maximQffi of 2,5 Jllll deep. The exact location of the precipitate is 
difficult to determine although it does appear to be superimposed over 
the lo~1er periclinal Hall of the subsidiary cell. The section in 
4,21B is through the central area of the polar region. The cobalt 
precipitate is extremely dense and clearly extends into the protoplast 
of the guard cells as well as into that of one of the lateral subsidiary 
cells. Its location is more definite in this case and the deposition 
is sharply delimited both intra- and extracellularly and appears to be 
in a continuous phase between the protoplasts and the cell Halls. 
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Plate l.J·,21C is probably di:rectly comparable, ·both in its plane of' 
sectioning and the natt\re oi' its cobalt depositions, to that of Plate 
4.16A, and needs no further elaboration heJ:e. Sections through the 
stoma of the guard cell complex (Plate 4.2J.'D) significantly lac!c the 
dense cobalt precipitation associated. with the lower periclinal cell 
l~alls of the polar regions. However, the section demonstrates what 
appears to be cobalt depositions around rlhat are assumed to be the 
periphery of vacuoles. 
Plate 4.22 illustrates a section through the polar region 
of the guard cell complex in Tradescantia );all id us. The accumulation 
in this section is clearly contained primarily ui thin a body, 15 )1111 
ldde by 3,3 ym deep, which extends lateraHy onto the walls of the 
subsidiary cells from a position which is definitely below the lo•;er 
periclina.l walls of the guard cells. 
i DISCUSSION 
'rhe most characteristic feature of the guard cells is their 
relative abundance of chloroplasts when compared with other epidermal 
cel:ts. The very large numbers of chloroplasts found in the guard cells 
of Poiypodium vulga.re seems to be typica-l of the filicopsid ferns 
and have been reported on by 11ansfield & ~liHmer (1969) in Phylli tis 
scolopendrium, Stuart (1968) in Poly:podium polYJ?odioides, and Humbert 
& Guyot (1972) in Anemia rotudifolia. Unlike the epidermal cells of 
Tradescantia pallidus, those of P •. vulgare are rich in chloroplasts, a 
feature which is considered to be a typical feature of shade-plants 
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(Esa.u, 1965), and whilst this is true of filicopsid feri>s in gen~ral, it 
is worth noting that much of _t.he fern material used in this study was 
collected from open sun-drenched banks in the environs of the Plym 
Forest. If the guard cell chloropla.sts and the surrounding epidermal 
cell chloroplasts are assumed to have an identical metabolism and if 
part of the osmoticum utilised during stomatal opening is a product of 
this metabolism, it could be that the large nwnber of ehloroplasts 
found in fern guard cells are required to overide osmotic effects of 
the ·metabo]:i.tes formed by epiderma!L cell chloroplasts. This 
complication would not arise in T. pallidus and other mesophyte-type 
epiderrnes in ~1hich there are usually very few, often vestigial, 
chloroplasts in the epidermal .cells (Shaw & l>'aclachlan, 19j+; 
Allaway & Setterfield, 1972). However, it is unlikely that the 
chloroplasts of .guard cells and those of other epidermal cells behave 
in the same way since it has been noted in the present study that there 
are usually feuer starch inclusions in the epidermal cell chloroplasts, 
a feature also noted by Pallas & Mollenhauer (1972) ~1ho also 
commented on the differences in respect of the grana from the t1w 
locations. Another pecu.lia.ri ty of guard cell chloroplasts is the 
possession or'a peripheral reticulum (Pallas & f.iollenhauer, 1972; 
Allatlay & Setterfield, 1972), which has not been recorded in 
epidermal chloroplasts. There was no evidence of a peripheral 
reticulum in any of the species studied in the present investigation 
although it is not unknown in filicopsid ferns and has been observed 
in the guard cell chloroplasts of Phyllitis scolopendrium (~artin, 
unpublished data), although somewhat less extensive than that described 
for Vicia faba and tobacco. The function of the peripheral reticulum 
is not understood although it is established as a common feature of 
96 
the.' mesophyll and :bundJ.e sheath chloroplasts of c4 plants {Lietsch, 
1968). It can be inferre.i, therefore, that it plays a role in the 
c4-dicarboxylic. acid pa.th1my of carbon dioxide fi..'<at:ion (Hatch & Slack, 
1970). laetsch (1971) also suggested that it is a l:ikely sitfl for 
phosphoenolpyruvate carboxylase, whilst Pallas & !1ollenhauer (1972) 
suggested that it could be involved in sugar transpcrt. 'Therefore, 
it may well be that the guard cells act as isolated c4 metabolic 
islands in the epidermis and that their. chloroplasts could be the sotu·ce 
of organic anions, such as malate and aspartate, which balance the 
influx of potassium cations during stomatal opening (Allaway, 1973; 
Pearson, 1973; Pallas & Hright; 1973; Pearson & Hilthorpe, 11.974). 
The present study confirms earlier findings that the mature 
guard cell is isolated from the symplast of the epidermal cells since 
plasmodesmata have not been observed between them. Plasmodesmata 
have usually been demonstrated in mature guard cell 1·1alls using light 
microscopy after suitable staining techniques (Kienitz-Gerloff, 1891; 
Litz & ICimmins, 1968; Inamdar et al., 1973; Da.ve & Pa.tel, 1976). 
These findings must remain controversial especially since the 
endocuticu!ar trabeculae. reported in the previous chapter could easily 
be mistaken for plasmodesmata (c.f. Plate 3.3A and Plate 5J of Dave & 
Pateil., 1976:). Similarly the plasmodesmata depicted by Fujino & Jinno 
(1972), and Pallas & !1ollenhauer (1972) are not entirely convincing as 
there are no indications of pit fields associated with the structures. 
The presence of plasmodesmata in developing guard cells has been fully 
established (Kaufman et al., 1970; Pa.llas & Nollenhauer, 1972; Singh 
& Srivastava, 1973). This is confirmed in the present study but 
these structures are not considered to be plasmodesmata (sensu stricta) 
since they are of a transient nature formed by incomplete f~~ion of 
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ceH wall e;J:ements during· ceB! Hall deposition. The presence of large 
gaps in the common anticlinal ~eH rle.lls of guard cell complexes has 
only been reported in graminace0us. species, and are probably only found 
·in this group of plants (Broun & Johnson, 1962; Miroslavov, 1966; 
Sr:l.vastava & Singh, 1972; Kaufman et al., 1970; Pallas & Hollenhauer, 
1972). Ectodesma ta have been shorm to be abundant in the guard cell 
complex after specific staining under the light microscope (Franke, 
1960, l96la, l96lb, 1962, 1964a, 196/+b, 1967; Sievers, 1959; 
Schonherr & Bukovac, l970a, 1970b) but no definite evidence has been 
forthcoming_ from electron microscope studies. The structures illustrated 
by Pallas (1966) are almost certainly artefacts (Pallas & Hollenhauer_, 
1972) 11hich occur in certain :r:egions of the cell walls that contain 
accumulations of r1axes, cutins, and similar compounds. Such inclusions 
could cause differential drying out of the sections on the grids to 
produce the observed folds in the cell walls, and which give the 
appearance of ectodesmata under the electron microscope. 
The vacuolar element of typical guard cells is relatively 
small for their size rlhen compa.red with other epidermal or mesophyll 
cells, 'but this is probably a reflection of the volume of the protoplast 
occupied by the chloroplasts and nucleus. As Allaway & Hilthorpe (1976) 
suggest, it is probably impossible to fix cells so that the size of 
their vacuole remains unaltered. This observation must cast some 
doubt on the findings of Humbert & Guyot (1972) who_ found an increase 
in the vacuolar volume of the fern, Anemia rotundifolia, during 
stomatal opening. However, it has been established that chloroplasts 
shrink on exposure to light (Nobel, 1968; Heber, 1969; Raghavendra 
et al., 1976) and this, in itself, could induce an increase in the 
' 
relative volume of the guard cell vacuole irrespective of possible 
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increases due to guard cell extension during stomatal o:r-Jning. 
Rnghavendra et al. (1976) report huge decreases in chloroplast size 
during stomata~ opening in Commelina benghalensis, Hbich indicates 
that the shriru<age is in excess of 100 fold. Hhilst this might produce 
only a relatively small increase in the vacuolar volume in typical 
mesophytes, it could, when applied to the guard cells of Poly~odium 
vulgare, Hith its large complement of chloroplasts, result in very 
significant increases in vacuolar volume. 
The relatively large numbers of mitocl}ondria observed in the 
guard cells and their well-developed cristae agrees with the reports of 
other 11orkers (Pallas & !1ollenhauer, 1972; Allaway & Setterfield', 
1972, etc.) and suggests that·they may play an important. role in 
stomatal movements. The relative dearth of other organelles fow1d 
in the present study is confirmed by the findings of r·x~~~~:~~~~J~~~Wt;~~~J 
(1976). 
The only observations to emerge from the uJ.trastructural 
studies l"lhich could be related to the polar structures reported on in 
the previous chapter are anomalies associated tli th the lower periclinal 
cell.walls in the polar regions of the guard cell complex. The outer 
region of this cell tlall appears to be contiguous 1-li th the loHer 
periclinal cell wall of the adjacent subsidiary cell, which imparts 
a hi-laminate appearance to this guard cell wall, This unusual 
cell ~1all arrangement tlas found in both P. vulga.re and T. :p:tllidus, 
but its significance cannot be assessed at this time. 
The other aspect of the cell walls which merits discussion 
is the plicated nature of the outer surfaces of the lower periclinal 
walls of the guard cells adjacent to the subsidiary cells. They are 
perhaps indicative of the flexibility of the cell wall and could 
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accomodate some radial diBtortion of this ceH ~1all durhtg stomatal 
opening. 
The formation of the common antidinal walls of young guard 
cells and development of the thickened ridges l~hich protect the mature 
stoma give some insight into early developmental events and will be 
discussed more fully in the following section. 
i 8ypothetic~l modef~ to account for the formatio_n ()f t~e stoma 
The short study into the ultrastructure of immature guard 
cells in Poly;podium vulgare provided new information about the deposition 
of the cell walls and, in particular, the differentially-thickened 
protective ridges. The most important finding; as illustrated in 
Plate 4.8, is the deposition of the wedge~shaped ridges on the inside 
of the cell wall in such a manner as to severely distort ·the guard cell 
lumen. It is also notable that the periclinal walls immediately 
adjacent to the thickened rtdges.are particularly thin. 
No hypothesis has been put for~1ard to explain hm1 the stoma 
appears between the pair of guard cells and it is assumed that they 
merely pull apart from each other.. Whilst broad!ly agreeing with this, 
the peculiar distortion of the guard cell lumen, and differential 
thickening of the periclinal guard cell walls could play an important 
role in the process. There is evidence that the split in the common. 
anticlinal walls is initiated medially and that the cuticularised apices 
of the ridges are the last to part (Plate 4.8). Similarly there is 
evidence that the cross-section of the mature guard cell is 
subcircular (Plate 4.4·) whilst that illustrated in Plate 4.8 is 
considerably distorted. It can therefore be asst~ed that the 
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formation of. the stoma is concommitarit Hith a change in the cros"'-
sectional shape of the guard. cell. 
It is suggested that the formation of the stoma is brought 
about by turgor changes in the guard cell protoplast. It appears 
that the submature guard cells are pal·ticularly rich in starch 
(Plate 4.9, & Table 4.2) and starch hydrolysis ~ould provide the 
necessary osmoticum and, thereforE), turgor potential. to cause s~1elling 
of the'protoplast Hhich 'ilill then exert a force against the cell walls. 
Since the anticlinal walls of the complex will be fairly infrexible, 
the inner ones pressing against each other, and the outer ones constrained 
to some extent by the adacent subsidiary cells, the greater part of this 
turgor pressure Hill be directed against the periclinal tlalls Nhich will 
consequently suell outwards. Hm1ever, as has already been mentioned, 
the periclinal. Halls adjacent to the thickened ridges are particularly 
thin and tlill effectively act as hinges for the ridges to tilt under 
the turgor pressure .• This tilting will cause the common anticJiinal 
walls of the complex to part, as in Plate 4.8, whilst the apices of 
the ridges will remain attached to each other and act as a fulcrum. 
As the common anticlinal walls part from each other, they will be 
forced against each other again because of the turgor pressure, so that 
eventually the apices of the cuticularised ridges will be torn apart. 
This hypothesis is summarised diagrammatically in Fig. 4 .• 1. It is 
not suggested that the whole process is turgor-operated since it 
is probable that the middle lamellar region of the common anticlinal 
walls are pre-digested enzymatically. 
1"-· ·- ---- --- --·---- . . - . 
, Polar structures 
In only a few specimens of unstained tissue were any traces 
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of polar .structures noted. It is thought that either the structures 
are electron translucent, or dse they are denatured by the lengthy 
preparative procedures, Their presence, however, was confirmed by the 
studies on tissue which had been pretreated with Nacallum's stain prior 
to a very abbreviated embedding procedure. 
The observations of the binding sites in Polypodium vulgare 
show that they are in an extracellular position below the lm1er 
periclinal walls at the poles of the complex. Furthermore, these 
bodies are clearly delimited by an inflatable membranous· envelope. 
In the previous chapter, it was hypothesised that the bodies were ea. 
10 pm in diameter and were enveloped in an extensible endocuticular 
substomatal sac which could be up to 25 ;un across. The present 
findings are not entirely in agreement with these measurements. The 
electron microscope studies indicate that the·body can be almost JO )lia 
across whilst its neck by Hhich it is connected to the overlying 
pericl:inal ~1alls is between 5 and 8 )lm across. Additionally, the bodies 
are hollow structures caPable of considerable distension. 
It therefore appears that the darker central core, which 
was previously identified as the binding site, actually corresponds to 
the neck of the structure and that the peripheral paler element, which 
was thought to represent the the extent of the endocuticular sac, is in· 
fact the marginal limits of the binding site, It seems advisable, at 
this stage, to retain an endocuticular substomatal sac as the outer 
element of the substomatal structure although little evidence of its 
involvement was found in the present transmission electron studies 
(~Plate 4.18A). It 1-~a.s also suprising that no indication r~as 
found of the endocuticular trabeculae, but it is feasible that the 
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preparative procedures possibly dissolve these structures (vide l}hap. 7). 
This is substantia·~ed by unsta.inod thick sections observed under the 
light microscope (Plate 4.18) in which an indistinct, but definite, 
membranous structure subtends the body. Another reason for retaining 
the concept of an endocuticular substomatal sac is that, if there were 
no such structure, the binding sites would hang down below the poles of 
the complex and would appear as such when vieHed from the side adjaaent 
to the mesophyll. That is not the case however, as indicated in 
Plate 3.7. In this micro~Taph, the polar structures appear to be 
covered by a membrcnous sheet ~1hich is believed to be the endocuticle. 
Consequently, it is necessary to revise the model for the 
polar structures in P. vulgare, as proposed in Chapter J, and take into 
account the distensible and more extansive nature of the binding sites. 
In the revised model, represented diagrammatically in J:<'ig. 4.2, the 
small discoid binding site of the original model is replaced by a much 
larger distensible body with a hollml lumen. 'l'he limiting membrane of 
the body cannot be identified from the present. study but is most likely 
composed of some element(s) associated with the outer regions of the 
cell wall since there is a degree of continuum between the two in 
Plate 4.14. Little supporting evidence was found for the contention 
that each polar structure consisted of a pair of elements. The 
binding site appears to be bilobed in Plate 4.14 and in other sections 
studied but not illustrated here. Conversely, in studies on thick 
sections (Plates 4.19 and 4.20), there is no sign of the bodies being 
bisected in the region below the common anticlinal walls. 
Studies on the structures in the Commelinaceae provide little 
additonal information about their nature. There is clearly a binding site 
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which is a structure ea. 15 pm across by J pm deep (Plates 4.2lA and 
4.22) located beneath the lm1er peridimil ~1alls of the guard ·cell 
complex between the pole of the complex and the polar subsidiary .cell. 
Similarly, the involvement of the lower periclina.l guard cell ~1alls. in 
the peripheral element of the localisation is confirmed by transmission 
electron microscopy (Plate 4.16). 
i Localis~tion of Macallum's stain in ~~~~ walls and. protoplasts 
----.,------- ----- ----· --· ---- .. -------- - ----- ·-· 
The cobalt precipitate seems to be restricted to the 
plasmalemma., and chloroplastic starch grains of the guard cells. 
The evidence obtained from cobalt precipitations within ordinary 
epidermal cells of Commelina communis, strongly suggests that cobalt is 
initially adsorood onto the plasmalemma from 1-1hich it migrates into the 
body of the cytoplasm as pinocytotic vesicles. This is confirmed by 
the fact that }lha.t appear to be unit membranes of ea. 12 nm thickness 
thread through the pinoctotic vesicles and separated vesicles aggregated 
within the protoplast. Rather suprisingly there is little evidence 
of cobalt within the vacuoles of either the epidermal or guard cells. 
As has been discussed in Chapter 2, the specificity of 
Macallum's stain for potassium is in doubt and therefore it is uncertain 
if it is the distribution of potassium or cobalt that is being observed 
in the sections. This point will have to be resolved using other 
electron-dense elements which are not potassium-specific. If, however, 
cobalt is being precipitated at the sites of potassium localisation, 
the present observations must question the asswnption that potassium 
is accumulated within the vacuoles. 
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The presence of coha.lt crystals within the starch gra5.ns of 
guard cell chloroplaots Has unexpected but not considered to be very 
significant to stomatal functioning, since cobalt may be adsorl;>ed non-
specifically onto starch as are certain other heavy metals (Lane, pers. 
comm. ). 
There was little evidence of cobalt in guard cell walls of 
Po1yPodiwn vulgare except as localised traces running up the middle 
lamellar region of the outer anticlinal walls, and aiso in the ce1l 
rlall immediately adjacent to the binding sites, It is thought 
that the traces up the outer anticlinal walls may reflect the presence 
of ion-channels in this region. 'rhis uill be discussed more fu~ly in 
Chapter 6. Cobalt depositions within the guard cell Halls of the 
Comme1inaceae Here more genera} but particularly prominent in the 
anticlinal walls although the traces reported on from P. vulga~ 
are only Heakly present in some sections (vide Plate 4.17). 
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Hypotheticnl model of stoma formation in Polypodiwn vulgare. 
a. Young guard cell complex in vertical transverse 
section after common anticlinal cell Hall initiation. 
b. 'l'ransverse vertical section of the guard cell complex 
as the thickened ridges are laid do~m on the inside of the cell wall. 
The arro~IS adjacent to the thickened areas indicate cell wall areas 
which are particularly thin. The line down the centre of the 
common anticlinal wall indicates preparatory enzymatic breakdmm 
of the middle lamellar elements in this region. 
c. As turgor builds up within the guard cells it 1dll 
cause the cell walls to bulge out in the direction of the small 
arrows. Because of the thin areas in the periclinal walls (vide ~), 
the greatest cell wall movement will occur in these cell walls which 
'iill result in the thickened ridges rotating (curved arrows) about 
their apices 1-1hich will act as fulcra (hollow arrows). This rotation 
of the thickened ridges will resQlt in the common anticlinal walls 
pulling apart from each other, The turgor pressure within the 
guard cells will, at the same time, force the anticlinal walls against 
each other so that eventually the turgor pressure will be directed 
solely at the cuticularised apices of the ridges which will eventually 
part to form the stoma, 
d. 'l'ransverse vertical section through a fully 
differentiated guard cell complex. Note ho~1 the cross-section of the 
guard cell 1 wnen changes during these events. 
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F'is. IL 2. 
Hypothetical model of the polar structures in Polypodium vulgare. 
Light stippling = cell walls, heavy stippling = lumen of the binding 
site, and heavy solid line = walJ:s of the binding site. 
a. Longitudinal vert~cal section through an inflated 
polar structure (left hand side) and a deflated polar structure 
(right hand side). 
b. Transverse vertical section through the pola:: region 
shmling the binding site in its deflated state . 
c. Transverse vertical section through the polar region 
showing the binding site in its inflated state. 
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Guard cell 
ndocutlcular sac 
Endocutlcular sac 
Trabecula 
sac 
Ultrastructure of mature Polypodiuffi vulgare guard cells, r.· 
Transmission electron micrographs of tissues fixed in glutaraldehyde 
and osmic acid; post-stained Hith uranyl acetate and lead citrate. 
A. Oblique paradermal section, x 3 750. The section 
illustrates the density of the chloroplast's found in the guard cells of 
this species and their rich starch inclusions, the relative paucity of 
guard cell vacuoles, and the reticiuate nature of the nuclear chror~tin. 
The adja.cent subsidia:ry/epidermal cells show peripheral cytoplasm 
enclosing very extensive 'vacuoles. 
B. Longitudinal vertical section, x l~ 4oo. The holloH 
arroH indicates abaxial orientation. The section illustrates the rich 
chloroplastic starch inclusions, and a more extensive vacuolar system 
than A. The extensive vacuole of the upper lmlf of the cell is rich 
in membranous inclusions and is more electron dense than those of the 
lower half. The plasmodesmata-like structures (small solid arrows) 
are believed to be artefacts caused by the sections becoming folded at 
these points. 
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J'lc>.te 1+. 2. 
Ultrastructure of mature Polypodium vulgare guard cells, II. 
Transmission electron micro~raphs of tissues fixed in glutaraldehyde 
and osmic acid; post-stained with uranyl acetate and lead citrate. 
A. Longitudinal vertical section of single chloroplast, 
X )6 500. 
B. Transverse vertical section through group of 
chloroplasts, x 20 700. 
Both sections show the rich starch inclusions (s) and also 
the presence of osmiophilic lipid bodies (small arr01~s). The interstices 
of adjacent chloroplasts are rich in mitochondria (large arroHs) 
which usually contain snall osmiophilic bodies (Plate 4.2.A). A 
myelin body (m) is also i:!.lustrated in Plate 4.2.A. 
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l·lesophyll chloropla.st from I'olYJ?odium vulgare. 
Transmission electron micrograph of tissue fixed in glutaraldehyde anci 
osmic acid; post-stained Hith uranyl acetate and lead citrate, 
X 12 700. 
The section shows tHo rnesophyll chloroplasts; the upper one 
is of typical structure, ~1hilst the lower one shows dilated thylakoids 
which may indica.te that it is degenerating. The typica.l chloroplast 
shows Nell developed granal stacks, relatively ferrer osmiophilic bodies 
than guard cell chloroplasts, and only a single starch inclusion 
(arrmmd). 
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Plato I+ .1+ • 
Ultrastructure of Jtnture Polyood.ium vulgare~ard cells, III. 
Transmission electron micrographs of tissues fixed in glutaraldehyde 
.and osmic acid 1 post-stained in uranyl acetate and lead citrate. The 
hollow arrows indicate o. baxial orientation. 
A. Oblique vertical section, x 3 500. The section shows 
the densely packed guard cell protoplast. The vacuolar elements are 
very variable in nature ranging from electron translucent to relatively 
electron dense. Other features illustrated include the greatly thickened 
ridges protecting the stoma, ectodesmata-lilce artefacts (straight arrmrs) 
which probably resu1t from the tissue folding on the grid as it dried 
out, a.nd the presence of osmiophilic peripheral bodies (curved arroNs) 
which are tentatively identified as spherosomes. Starch inclusions 
are present in the epidermal cell chloroplast at the upper left hand 
corner of the micrograph. 
B. Transverse vertical section, x 2 900. The section 
shows similar details to that of A. The difference between the 
vacuolar elements of the two guard cells is notable. That in the upper 
guard cell is electron opaque and compartmented into subequal units 
whilst that in the lower guard cell is electron translucent and highly 
compartmented. The source of the debris in the substomatal chamber is 
uncertain but contains very large quantities of membranous material. 
The underlying mesophyll cells are covered rli th an endocuticle. 
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Plate 4.,5. 
]!!rastructure of mature Polypodium vulgare guard cells, IV. 
Transmission electron micrographs of tissue fixed in glutaraldehyde and 
osmic acid; post-stained with uranyl acetate and lead citrate. The 
hollou arrows indicate abaxial orientation. 
A. Oblique vertical section, x 4 .500. The section, 
besides illustrating the densely packed protoplast typical of the 
species, shorts certain anomaliez:; in the lower periclinal guard cell 
walls (straight arror~). The stoma is clearly subtended by a cell wall 
element which ar:'Lses from the lower periclinal wall of the left hand 
guard cell, passes under that of the right hand gua.J."Cl cell and 
merges insensibly into the lower periclinal wall of the adjacent 
epidermal cell. The bent arrows indicate electron dense organelles 
which are believed to be·spherosomes, 
B. Vertical section, x 8 6oo, incorporating a subsidiary 
cell (S), a guard cell (G), and an epidermal cell (E). Plasmodesma~ 
(small arror~s) and associated pit fields are clearly shmm in the 
anticlinal cell Hall between the subsidiary cell and the epidermal 
cell. The cytoplasm associated with the pit fields is extremely 
rich in endoplasmic reticular elements. No plasmodesrrata were 
observed in the lralls of any mature guard cells examined. The densely 
staining bodies in the guard cell are probably spherosomes. 
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Pbte 4.6. 
tntrastructure of mature Pol.ypodium vulgare guard cens, V. 
'l'ransmission electron microgre.phs of oblique transverse vertical sections 
fixed in glutaraldehyde and osmic acid; post-stained with uranyl 
acetate and lead citrate. 
orientation. 
A. x 5 4oo. 
B, X 5 )00. 
The hollow arrows indicate abaxial 
The two plates are directly comparable, both in plane of section and 
cellular contents. The vacuolar elements of the two sections are very 
different in nature, those in A being smaller and electron dense, 
~1hilst those in B are larger, electron transparent and contain electron 
dense particles around their periphery. Unidentified bodies (solid 
arrom3), with electron translucent cores and electron dense cortices, 
are 8.SSOCia ted Ill th the periphery of the guard cell protoplast in both 
micrographs. 
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U1trastructure of developing guard cells of Pol:ypodium vulgare, I. 
Transmission electron micro~L~phs of transverse vertical secti0ns 
fixed in glutaraldehyde and osmic acid; no post-staining. 
a:croN indicates abaxial orientation. 
The hollOl·l 
A. Guard-cell mother-cell, x 5 400. The section indicates 
that chloroplast development is well advanced even at this early 
ontogenetic stage and that starch inclusions arc present in the guard-cell 
mother-cell, epidermal and mesophyll chloroplasts. The vacuolar element 
of the guard-cell mother-cell is suprisingly large Hhen considering 
that the cell is still meristematically active. 
B. Young guard cell complex, x 5 )00. Similar 
ul tra.structural details to those seen in A are evident in this section. 
In addition, formation of the common anticlinal Hall of the complex has 
commenced and is represented by the presence of elongated membranous 
vesicles in the plane of the phragmoplast. The protoplasts of the 
two cells are still connected through the breaks in the developing 
cell wall. There is evidence of the initiation of dif.ferential cell 
wall thickening, to form the protective ridges of the stoma, at the 
junction of the common anticlinal· cell wall and the outer periclinal 
cell rlall. There are some highly osmiophilic elements in the vacuoles 
llhich are suprisingly Hell developed, 
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Plate 4.8. 
Ultrastructure of develoning guard cells of Polypodium vulgare, II. 
Transmission electrom micrographs of tissues fixed in glutaraldehyde 
and osmic acid; no post-staining. 
orientation. 
The hollow arrmrs indicate abaxial 
A. Oblique transverse vertical section, x J 700. 
B. Oblique transverse vertical section, x l~ 400. 
The sections show the developm!'lnt of the differentially thickened ridges 
trhich protect the stoma. Both sections are oblique so that development 
is only sho1m at one end of the anticlinal wall. The cell Hall 
depositions are laid down on the inner face of the cell walls and 
considerably distort the lumina of the guard cells. Two distinctive 
features of these developing ridges are that the outer surface of the 
periclinal tralls immediately adjacent to the ridges become sunken in 
relation to the rest of this trall and that the adjacent areas of the 
periclinal walls remain exceptionally thin in comparison to regions 
further away from the ri~es. 
115 
·<:;7 . 
.• 
' . 
ill trast.ructure of developing guard cells of Poly;podium vulgare, Ill. 
Transmission electron microg-.caphs of obliquely longitudinal vertical 
sections fixed in glutaraldehyde and osmic acid; no post-staining. 
The holloH a=mrs indicate abaxial. orientation. 
A. X J 700, The section iHustrates the rich starch 
content of the chloroplasts, and the developing common anticlinal Halls 
of the guard cell complex. 
B. x 4 JOO. Similar ultrastructural features are 
illustrated in this section as in A. Additionally, this section shows 
interesting development associated Hith the loHer periclinal cell rlalls. 
The solid a=oHs indicate structures Hhich could be endocuticular 
trabeculae. Examination of the lumen of the structure on the right 
hand side shor/S that its matrix is both identical to and contiguous 
with that of the lmrer periclinal cell rralls of the adjacent subsidiary 
cell. 
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Plate 4.10. 
W.trastructure of mature p;ua:r:d cells of Tradescantia p:'l.llidus. 
Transmission electron micrographs of vertical transverse sections 
fixed in glutaraldehyde and osmic acid; 
acetate and lead citrate. 
post-stained ~d.th uranyl 
A. Section through the stoma, x 5 500. This section 
shows the differentially thickened nature of the lor~er periclinal cell 
llall llhich exhibits cha.racteristic crenulations (arror1ed) on its outer 
face adjacent to the lateral subsidiary cells, and the massively 
developed thickened ridges protecting the stoma. The cuticle is 1~ell 
developed and stains darkly. The protoplast shows typica.l 
ul trastructm"al organisation 1-li th a reticulate chromatin neb10rk in the 
nucleus (n), many starch inclusions .(s) in the chloroplasts (p), and 
vacuoles (v) Hith membranous and osmiophilic inclusions. 
B. Section through the polar regions of the guard cell 
complex, x 6 500. The ultrastructural organisation is similar to that 
in A, put shows in addition many mitochondria (m) and the chloroplasts 
(p) contain numerous osmiophilic bodies. The lower periclinal cell 
Hall is not so thickened in the polar regions but exhibits a bi-lamellar 
a.ppearance (arrowed) with the outer region being fairly distinct from 
the inner region. The outer region appears to be more closely associated 
Hi th the lol'ICr periclinal Halls of the adjacent subsidiary cell than 
with the outer anticlinal ~1alls of the guard cells. 
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Plate 4.11. 
~iacallum stain accumulation in Commelina communis, I. 
Transmission el~ctron micrographs of transverse vertical sections 
pretreated with ?.:f/o (w/v) modified l'iacallums solution, fixed in 
glutaraldehyde a.nd osmic acid; no post-staining. 
A. Single guard cell, x 7 750; the hollow arrow indicates 
abaxial orientation, The cobalt stain has become adsorbed into the 
cytoplasm which has pulled away from the cell wall in places. There 
is no indication of precipitation within the vacuoles or onto 
organelleG such as chloroplasts (arrowed). Similarly no definite 
precipi ta. tions can be observed within the cell 1·1alls although a layer 
of cobalt has become adsorbed onto the endocuticle of the lo~1er 
periclinal cell Halls ~1hich, as in 'I'radescantia pallidus, are plicated 
in the region immedia.tely adjacent to the lateral subsidiary cell. 
B. !1agnification of the plicated region of the lower 
periclinal guard cell wall, x 47 JOO. The electron translucent region 
to the outside of the cell ualJ. is the endocuticle which is covered to 
its outside by a layer of cobalt. 'l'he endocuticle is infiltrated 
by fibrous elements of the cell wall (arro~1ed). 
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Plate 4.12. 
Y.iacallum stain accumulation in Commclina communis, II. 
Transmission electron micrographs of vertical sections pretrea ted ~d th 
7,5fo (w/v) modified Na.callum solution, fixed in glutaraldehyde and 
osmic acid; no post-staining. 
A. x 2l~ 000. The micrograph includes portions cf two 
epidermal cells rri th an intervening cell wall ( G\1) • The eo ba.J.t is 
precipitated into localised areas of the cytoplasm, and does not appear 
to be present l'li thin the vacuole (V) • ·The trace of eo ba.l t immediately 
adjacent to the cell wall is presumed to be associated Hi th the 
plasma.lemma which, in other sections, is particularly rich in cobalt-
rich pinocytotic-like vesicles of which a poor example is present in 
this micrograph (arrmred). 
B. x 6o 8_50. A high power micrograph of the cobalt 
deposits. There is a heavy deposit (curved arrow) associated with 
t1hat is presumed to be the plasmalemma adjacent to the cell wall (CH). 
The cobalt-rich cytoplasmic mass is characterised by vesicular structures, 
llhich, in less densely precipitated areas, can be seen to be formed of 
unit membrane-like structures (small arrows). 
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H~!.caJ.lum stain accumulation in Polypodium vulgare, I. 
Tra.nsmission electron microg-.caphs of vertical transverse sections through 
the polar regions of guard cell complexes Hhich have been pretreated with 
7,5% (w/v) modified J.ia.callum solution, and fixed in ethanol; no post-
staining. The hollow arroNs indicate abaxial orientation. The stain 
can be seen to be accumu1ated in an extracellular body inunediateJ.y 
belmr the common antic~Linal guard cell walls, There is little evidence 
of cobalt deposits elceHhere in the sections except in t.he cell wall 
and edge of the protoplast immediately above the bodies (Heavy arrows). 
A characteristic of many sections such as these illustrated here is 
the presence of cobalt traces in the lower halves of the outer anticJ.inal 
guard cell ~ra.lls ~small solid arrotm in A), 
A. X 4 600. 
B. x 3 6oo 
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Plate 1+.14. 
i'le.callum st.:l.in accumulation ·in Polypodium vulgare, II. 
Transmission electron micrograph of a vertical transverse section 
through the lower half of a guard cell complex. The tissue 1·1as 
pretreated with 7,5% (w/v) modified i'la.callum solution, fixed in ethanol, 
but not post-stained. The pale spots on the micrograph result from 
water contamination of the formvar coating. 
Cobalt precipitated onto a body belolf the common anticlinal cell walls 
of the complex in the polar region, x 6 600. The body appears to be 
bilobed with a 'break' occurring immediately beloH the common anticlinal 
guard cell walls (solid arrow). The walls of the body appear to be 
contiguous Hi th the outer cell wall elements (curved hollow a:rrow). 
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Plate 4.15. 
Na.cnllum stain accumulation in Polypodium vulgare, III. 
Transmission electron micrograph of a vertical transverse section through 
a single guard cell, x 8 150. The tissue Has pretreated with 7,5% (u/v) 
modified t·1aca:Uum stain, fixed in ethanol, and not post-stained. There 
is very lit'tlc evidence of cobalt within the cell ~1alls eXcept, perhaps, 
at the juncture of the outer anticlinal guard cell ~1all and the loNer 
periclinal Halls. There is a trace of corelt around the periphery of 
the protoplast associated Hi th Hha t is believed to be the plasmalemma. 
The most strH;ing feature of the section is that the cobalt is 
adsorbed onto the starch grains (S) of the chloroplasts (C). 
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Plate 4.16. 
J.la.callum stain accumuia.tion in Commelina communis, Ill. 
Transmission electron micrographs of vertical transverse sections 
through guard cell complexes. The tissues uere pretrea ted with 7, 5% 
(w/v) modified J.1a.ca.llum stain, fixed in ethanol, and not post-stained. 
A. Section through the polar region, x 8 250. The most 
notable feature of the section is the 'membrane' delimited cobalt 
deposit centred on the lower periclinal walls of the complex, but 
also including the lower parts of the common anticlinal guard cell 
walls, a. part of the adjacent lateral subsidiary cell periclinal wall, 
and the corner of the subsidiary cell protoplast (large arrow). 
Elsewhere the cobalt is largely contained within the cell ~1alls 
and in the cytoplasm of the guard cells; the vacuoles (V) are largely 
free of deposits. There is evidence of cobalt-rich pinocytotic 
vesicles forming on the guard cell plasmalemma (small arrow). 
B. Section adjacent to the stoma, x 8 000. As in A, the 
cobalt is restricted to the guard cell ~1alls and protoplast. In this 
section the cobalt precipitation is in the form of acicular crystals 
within the cell walls, and the crystals are orientated in a regular 
manner. 
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Plate 4.1?. 
t1acallum stain accumulation in Commelina comJ,JUnis, IV. 
Tra.nsmission electron micrograph of a vertical transverse section 
through the edge of the stol!'.a, x 6 600 .. 'l'he tissue Has pretrea ted 
Hith 7,5% (H/v) modified nacallum stain, fixed in ethanol, and not 
post-'stained, Cobalt prccipita.tion is primarily located Hithin the 
anticlinal 1·1al1s of the complex. Traces of cobalt can also be seen in 
the middle lamellar region of the loHer regions of the outer anticlinal 
Halls of the complex (straight arr01;). The cuticle in this section 
is more electron dense than the cell Halls and examination of the 
endocuticle in the ret;ion of the straight arroH reveals the presence of 
a thin precipitate of cobalt betr~een the endocuticle and the cell Hall. 
The cobalt distribution r~ithin the guard cell protoplast is rather 
sparse but pinocytotic-like vesicles can be seen to be associated with 
the :protoplast immediately adjacent to the anticlinal walls (curved 
e.rrOH), 
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Plate 1+.1:8. 
Polar structures in Polypodium vulgare. 
Light micrographs of thick resin-embedded sections fixed in 
glutaraldehyde and osmic acid, post-stained with methylene blue. 
Longitudinal vertical sections through guard cells, x 1 200. 
The hoHoH arrows indicate abaxial orientation. 
A. The small arroliS indicate ~1ha t are believed to be 
substomatal sacs, whilst the large solid arrow indicates a structure 
which is thought to be the binding site. 'l'he inset is of the 
substorna tal sac containing the binding site which can be seen to 
be filled with resin (evidenced by the knife marks). 
B. Another section with Hhat is believed to be a 
substomatal sac at one pole of the guard cell (arrowed). 
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Plate I.J.19. 
l<lacallum stain a.ccumula.ticn in Polypodium vulgare, IV. 
Light micrograph of a thick resin-embedded section pretreated with 
7, :J:Io (w/v) modified ~Jacallum stain, fixed in ethanol, and post-stained 
with methylene blue. Transverse vertical section, x 1 lOO. The 
hollow arro~1 indicates abaxial orientation. This se.ction is through 
the pole of a complex a.nd shaHs a heavy cobalt deposit immediately 
beneath the lo~1er periclinal Halls. 
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Plate 4. 20. 
Macallum stain accumulation in Polypodium vulgare, V. 
Light micrographs of thick resin-embedded tissue pretreated l·li th 7,5% 
(w/v) modified l'lacallum solution, fixed in ethanol, and post-stained 
~d.th methylene blue. Vertical transverse sections, 1 100. The 
hollow arrm/S indicate abaxial orientation. 
A. Through the extreme pole of· the complex. 
B. Through a region closer to the stoma than A. 
C. · Through the centre of the polar stain .localisation. 
The substomatal body is represented as a holloH structure attached to 
the lower periclinal wall of the complex. The small solid a=oN in 
each micrograph indicates a cobalt trace in the outer anticlinal 
guard cell wall. 
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Pla. te 4 . 21. 
Hacallum stain accumulation in Tradescantia pallidus, I 
Light micrographf3 of resin-embedded thick sections pretreated with 
7 .!]/o ( w/v) modified 1-lacallum stain, fixed in ethanol, and post-stained 
with safranin. Transverse vertical sections, x 1 500. The hollo~t 
arrows indicate abaxial orientation. 
The sections are not from the same guard cell complex. 
A. Section thr.ough the extreme pole of the guard cell 
complex a.nd includes only parts of the anticlinal polar guard cell walls. 
The cobalt is precipitated into a sac-like structure ~thich is located 
at the interface of the guard cells and the polar subsidiary cell. 
D. Section through the central polar region. The cobalt 
is precipitated in a 'structure' tthich encloses the lower walls of the 
guard cells, parts of the guard cell protoplast, and part of one of 
the lateral subsidiary cell protoplasts. 
C. This section is rather closer to the stoma than 
section B. The cobalt precipitate is not quite so extensive as in B. 
D. Section through the stoma. The sac-like structures 
illustrated in A, B, and C are lacking in this section. The cobalt 
deposits appear to be associated with what could be peripheral elements 
of vacuoles. 
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Plate 4,22. 
Haca.llum stain accumulation in Tradescantia pallidus, II. 
Light micrograph of a thick resin-embedded section pretreated with 
7,5% (~1/v) modified l·lacallum stain, fixed in ethanol, and post-stained 
with safranin. Transverse vertical section, x 2 750. 
The section passes through the polar region :.of the 
guard cell complex and the cobalt precipitate can be seen to contained 
within a structure beloH the lower periclina.l cell walls. 
129 

'CHAPTER 5 
SCANNING ELECTRON MICROSCOPE STUDIES 
INTRODUCTION 
The light and transmission electron microscope studies 
provided very strong evidence for the presence of polar substomatal 
structures in certain plants, It had been anticipated that the 
tra.nsmission electron microscopy would -have confirmed and elucidated 
the extracellular binding sites in fresh tissue, However, the binding 
sites are either completely electron translucent in tbin section, or 
become denatured during preparative procedures. The only way that 
they could be examined under the transmission electron microscope was 
after the tissue had been treated with the Macallum stain (1905) prior 
to a very abbreviated fixation procedure. The results were 
unsatisfactory as precipitated cobalt occluded structural details of 
the binding sites, although they did confirm their extracellular 
location in Polypodium vulgare. 
The problems encountered during light and transmission 
electron microscopy led to a scanning electron microscope investigation 
being undertaken using fresh material mounted on a cryostage after 
freezing in liquid nitrogen. The problems encountered and techniques 
attempted in this relatively new field of biological investigation are 
detailed in Chapter 2. 
lJO 
iO~~ERYATIO~S IN Polypodium vulgare 
.Epidermis 
The external features of the epidermis were examined in a 
piece of whole leaf which was affixed to the stub, alxtxial surfa.ce 
uppermost. The abaxial surface is composed of interlocking sinuous-
ma.rgined epidermal cells in Hhich the guard cell complexes are 
arranged in bands (Plate 5.1A). A fuil description of epidermal cell 
organisation is given in Chapter 9. The leaf surface is sparsely 
covered with bi-celled·, club-shaped trichomes which arise from the 
interstices of three or four adjacent epidermal cells. The individual 
guard cells are barely distinguishable from their pairs due to the 
cuticle almost totally occluding their common anticlinal cell Hall 
sutures. The cuticle is continuous over the outer surface of the 
epidermis and there appears to be no wax 'bloom' in this species. 
The inner face of the epidflrmis was examined in epidermal 
peels affixed to the stub with the side adjacent to the mesophyll 
uppermost. The cell organisation on the inner face is identical to 
that of the outer face except, of course, the trichomes are absent. 
The cuticle is more obvious on the inner face and forms a continuous 
sheet which covers the cell sutures (Plate 5.1B). The guard cell 
complex has a very different appearance on this face and is characterised 
by endocuticular processes traversing the peripheral sutures of the 
complex betrreen the guard cell and the immediately adjacent epidermal 
and subsidiary cells. The endocuticle completely occludes the common 
anticlinal guard cell wall sutures and has a distinctly pouched 
appearance in the polar regions below these cell walls. The pouches, 
lJl 
in Plate 5.1B, are clearly ,plicated at one pole sugge:.t.ing that they 
are capable of distension. 
~Mesophyll_ 
The mesophyll was examined by removing the abaxial epidermis 
from a piece of whole leaf and mounting the remaining tissue on a stub. 
There is no recognisible palisade or spongy mesophyll tissue in this 
species, instead it is replaced by an aerenchymatous-like mes~phyll 
tissue {Plate 5. 2) of reticulate appearance. The mesophyll tissue 
is covered by a membranous-like cuticle and the surface of the tissue 
adjacent to the epidermis is characterised by peg-like protrusions by 
which the tHo tissues are connected. The strength of·this connection 
is variable since some epidermes are easier to strip off pinnae than 
others. In the tissue illustrated, the epidermis was easily stripped 
off and it appears from the micrograph tr~t the connection between 
the two tissues is very Heak. No sign of attachment was observed on 
the inner face of the epidermis. 
! Polar structures of guard cell complex 
The epidermis illustrated in Plate 5.1B is clearly under 
water stress as evidenced by the sunken nature of the lower periclinal 
epidermal cell walls and the loose folded nature of the endocuticle. 
The following observations were made on epidermal tissue which was 
prepared as rapidly as possible so as to minimise water loss. 
A comparison of Plate 5.1B and 5.JA clearly indicates that 
the turgor of the tissue has been maintained in Plate 5.JA, The polar 
pouches observed in Plate 5.1B are evident in Plate 5.JA as very distinct 
1J2 
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substomatal endocuticular sacs. The possibility tha:-. the sacs could 
result from the guard cells having d:llated polar regions, ar> in 
graminaceous guard cells, is rejected from the evidence in Plate 5.)A. 
At one pole of the complex illustrated, the common anticli!llil guard cell 
wall suture is clearly visi,ble beneath the substoma tal sac l'lhich supports 
the hypothesis that the structures are extracellular. 
~laterial which had been fixed in 7l/fo ethanol prior to 
examination on the cryostage appeared very dehydrated with the 
endocuticle collapsed onto the underlying tissues (Plate 5.JB). The 
guard cell complexes in this tissue are characterised by the presence of 
discoid bodies, of ea. ll )lll1 diameter, lyi·ng between the lower periclinal 
cell walls and the eridocuticle. 
[OBSERVATIONS IN THE COMMELINACEAE 
Epidermis and mesophyll of Comm elina communis 
Plate 5.4A illustrates a piece of whole leaf tissue from 
which the abaxial epidermis has been removed. The substomatal chamber 
is shown to be formed by a gap in the palisade mesophyll tissue due to 
the mesophyll cells being directly attached to all the epidermal cells 
except those of the stomatal complex. The mesophyll tissue, in this 
species, is formed by a monolayer of palisade cells and a monolayer of 
spongy mesophyll cells. The substomatal chambers of the abaxial 
surface are formed similarly to those of the adaxial surface with 
breaks occuring in the spongy mesophyll below the stomatal complexes. 
The mesophyll in Plate 5.4A appears to be covered ;rith a cuticle, and 
cuticular strands can be seen extending between adjacent mesophyll 
lJJ 
cells and betHeen the mesophyll and epidermal cellR. The inner face 
of the adaxial stomatal complex, illustrated in Eiate 5.411, differs from 
that of Polypodium vulgare in that there are no endocuticuJ.ar trabeculae 
around the periphery of the complex and there are no distinct polar 
substomatal sacs although the polar regions are slightly bulbous. 
Plate 5.4B is of the iru1er surface of an abaxial stomatal 
complex. As in the case of the adaxial complexes, there a.re no 
endocuticular trabeculae or substomatal sacs. The endocuticle seems 
to form only a loose covering over the guard cell complex Hith many 
longitudinal folds running the length of the guard cells. These folds 
could accomodate both the cell Hall distention Nhich may occur during 
stomatal opening, and the hypothetical binding sites. An interesting 
feature of this micrograph is that the endocuticle of the sto1~tal 
complex exhibits a specific orientation of rugose striat:i.ons. The 
polar and inner lateral subsidiary cell endocuticles show a radial 
orientation whilst that of the outer lateral subsidiary cell is 
longitudinal in respect of the leaf axis. The guard cell endocuticle 
exhibits no such orientation. It is thought that these rugose striations 
are not a characteristic of the endocuticle itself but probably reflect 
underlying features of the cell walls. 
~-~~!~ermis and mesophyll of Tradescantia pallidus 
·The external abaxial epidermal surface in this species is 
covered with a dense waxy bloom (Plate 5.5) which does not appear to be 
present on the adaxial surface (Plate 5.6B). Plate 5.6B is of a 
longitudinal section through leaf segments and shows a pair of stomatal 
complexes subtended by substomatal cavities formed by gaps in the 
underlying mesophyll tissue. There is no palisade mesophyll in this 
1)4 
species. 
\Polar structures of. the guard cell complex in Tradescantia pallidus 
The inner face of the abaxial guard cell complex in fresh 
tissue (Plate 5,6A) does not show any distinct substornatal sacs, as 
found in Polypodium vulgare, but its polar regions are bulbous and the 
endocuticle in these regions is highly plicated. The internal face of 
the stomatal complexes in epidermal strips ~lhich have been floated on 
distilled water for JO minutes prior to examination on the cryostage 
apP8ar different to the fresh ones, as illustrated in 5.6A. The guard 
cells seem fully turgid (Plate 5.7A) and have weakly bi-lobed, yet 
distinct swellings at the poles of the guard cell complex }/i th a 
single strand of up to 2,5 )Jlll thickness running from the polar extremity 
of each lobe to the polar subsidiary cell. 
Sometimes freshly stripped epidermal tissue examined on 
the cryostage was covered with extensive ice deposits which showed an 
unusual distribution over the stomatal complex (Plate 5. 7B). The 
ice deposits are particularly heavy and localised over the poles of 
the guard cell complex and epidermal cells, whilst the rest of the guard 
cells and the subsidiary cells are relatively free of ice deposits. 
The structures underlying the swollen poles of the guard 
cell complex t1ere sucessfully demonstrated in whole leaf material 
which had been cut longitudinally in the vertical plane i~mediately 
prior to freezing in liquid nitrogen. Plate 5.8A is of such a section 
and shows a guard cell complex which has been cut down its centre so 
that the guard cells have been cleaved, rather than cut apart. The 
binding site, as hypothesised in Chapter J, is clearly visible as a 
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discrete subtetrahedral body lying in the intercellulE! .. ~· space between 
the guard and polar subsidary cell. The body is ea. 12,5 pm deep by 
12,5 )-lm long (from Plate 5.8) by ea. 8,0 pm wide (from Plate _5.7A), and 
whilst one of its faces is adpressed onto the subsidiary cell wall, 
there appear to be no direct connections betHeen the body and either 
the guard or subsidiary cells. Plate 5.9 is of a similar seetion 
before and after ea. 5 minutes exposure to the electron bea.m at 8 KeV. 
In Pla.te 5.9A, which is of the tissue as it appeared under the scanning 
electron microscope immediately after freezing, ice crystals can be 
seen in the substomatal chamber and a membrane-covered structure 
(curved arroH) is associated with the pole of the guard cell which 
has been sectioned, The membrane covering this polar structure and 
the ice crystals disappeared under the heat generated by the electron 
beam (Plate 5.9B) so that the polar body was exposed as a substantial 
rugose structure ea. 16 )-lm deep by lJ pm wide lying in the intercellQlar 
space between the pole of the guard cell and the polar and lateral 
subsidiary cells. 
Sections through the lower periclinal guard cell walls in 
the polar regions exhibit an interesting internal organisation (Plate 
.5.10) in that they possess intramural laminate interruptions as 
.predicted in Chapter J. These interruptions give rise to laminate 
cavities within these cell walls. 
;biSCUSSION 
Polypodium vulgare 
This scanning electron microscope survey confirms the 
lJ6 
presence of an extensive enJocuticle and its modifkation around the 
periphery of the guard. cell complex into trabeculae traversing the 
outer anticlinal cell wall sutures of the complex. Furthermore, the 
presence of distinct substomatal sacs were confirmed by these studies. 
Failure to o.btain good vertical sections through the polar structures 
prevented direct observations of the ion-adsorbent bodies lying within 
the substoma.tal sacs although their presence was confirmed in material 
in llhich the endocuticle had been collapsed onto the underlying tissues. 
The present study has not revealed any new information about 
the polar structures which was not previously known or predicted. It 
is not possible, therefore, to elaborate ftirther on ·the model of the 
polar ion-adsorbent bodies in this species as proposed in Chapter 4. 
·-·--- -· ·- --· -·--· (CQ_111melinaceae 
The scanning electron microscope studies confirmed the 
presence of an endocuticle in the Commelinaceae. The regularly 
orientated'striations observed in the endocuticle in Plate .5.4B are 
thought to reflect the orientation of the underlying cell wall 
micellae which were first reported in stomatal complexes by Ziegenspeck 
~1937/9). The micellar striations are not visible in the guard cells 
of Plate .5.4B and this is probably because the stoma is closed and the 
endocuticle, consequently, is in a: relatively 'loose·• condition with 
numerous longitudinal folds and not stretched over the guard cells. 
If they are ·manifestations of the micellae of "the cell walls, it is 
interesting to note that those of the polar subsidiary cell are 
orientated at right angles to those illustrated in the related plant, 
Rhoeo discolor (Ziegenspeck, 1937/9; Fig. 8, p )0)). The radial 
orientation of the micellae in the inner lateral subsidiary cells 
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may indicate that the turgor movements in these cells is in a 
J.ongitudinal direction. during stomatal opening rather than in a radial 
direction as is suggested by microscopic observations •. 
The external manifestation of the substomatal structures 
on the inner face of the guard cell complex is not as pronounced as in 
P. vulgare. Indeed, only a slight polar. s~relling Has observed in fresh 
materi;;tl. H01~ever, the polar structures appear to become swollen 
when strips are floated on Hater (Plate 5.7A) so that sac-like structures 
do appear at the poles. The explanation for this poor external 
manifestation of the polar structures in T. pallidus, and probably 
other members of the Commelinaceae, is due to the difference in the 
positlon of the binding site Hhen compared uith P. vulgare. In 
P. vulgare it lies below the lower periclinal gua.rd cell walls in the 
polar region, whilst in T. pallidus it lies in the intercellular space 
beb1een the pole of the guard cell and ·the adjacent subsidiary cells. 
A revised model of the polar structures in T. rallidus 
is presented in Fig. 5.1 to accomodate the findings of the scanning 
electron microscope studies. Its basic difference to that proposed 
in Chapte~ 3 is that the binding sites have been re•located in the 
intercellular space at the pole of the guard cell complex. 
The deposition of ice crystals in freshly-stripped epidermes, 
as illustrated in Plate 5.7B, is of considerable interest. v/hen strips 
are removed from Tradescantia spp., cell sap exudes from the exposed 
surfaces. Scanning electron microscopy suggests that the sap must 
come from the mesophyll since the epidermal cells do not usually 
appear to be damaged. The majority of the ice deposition which covers 
·the epidermal strip is restricted to the epidermal cells ( as opposed 
1J8 
to those of the stomatal co:nplex) and may well represent frozen cell sap. 
This explanation may not apply to the polar ice deposits in the guard 
cell complex since the complex is not in contact with the mesophyll 
(Plate 5.6B). These·polar ice deposits may, therefore, arise from the 
guard cells themselves and could represent liquid which has been forced 
out-at these sites as the strip is bent back on itself during removal. 
Such an interpretation infers that either the poles of the guard cells 
are highly hydrated or else that this region of the complex is 
particularly permeable, 
1)9 
Fig. 5.1. 
Polar structures in Tradescantia pallidus. 
This is a diagrammatic representation of the polar structures as 
determined by the scanning electron microscope studies and is based on 
Plates 5.8, 5.9, and 5.10. 
The sectioned cell walls are single-stippled; the binding 
sites are double-stippled. 
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Plate 5.1. 
Stomata i.n Polypodium vulgare, I. 
A. 10 KeV scanning electron micrograph of the abaxial 
surface of the pinna. The guard cells (G) can be seen to be 
associated Hi th a horseshoe-shalled subsidiary cell. The epidermal 
cells (E) are characterised in many ferns by their sinuous anticlinal 
cell ~rall sutures. The epidermis is sparsely covered Hith bicellular 
trichomes ('I'). (x 450) 
B. 10 ICeV scanning electron micrograph of the internal 
face of a guard cell complex, x 2 000. There is no indication of the 
common anticlinal guard cell rrall suture, the Hhole complex being 
covered -~rith an endocuticle. A distinctive feature of the guard cell 
complex (G) is the presence of a plicated sac-like structure (P) at 
either pole. Endocuticular trabeculae can be seen traversing the 
outer anticlinal rlalls of the complex onto the subsidiary cell (s) and 
epidermal cells. 
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Plate g. 
Mesophyll of PolYJlodiU:m vnlga.re. 
10 KeV scanning electron micrograph of mesophyll tissue, 
x 1 OJO. The mesophyll is of an aerenchyrnatous nature and appears to 
be connected to the epidermis in life by the peg-like processes 
illustrated in this micrograph. 
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Ple.te 5.J. 
Stomata in Polypodium vulgare, II. 
A. 12 KeV scanning electron micrograph of the stomatal 
complex viewed· from the side e.djaccnt to the mesophyll. Distinct 
substomatal sacs can be seen at the poles of the complex - the 
secondary signal distribution along the axis of the pore gives an idea 
of the surface topography of the specimen. Endocuticular trabeculae 
cen be seen extending betueen the guard cell complex and the adjacent 
epidermal tissue. The common anticlinal guard cell r1al1 suture c<J.n just 
be seen at the right hand pole of the complex. (x 2 200) 
B. 9 KeV scanning electron micrograph of a stomatal 
complex fixed in 7rrfo ethanol vieued from the side adjacent to the 
mesophyll, x 2 270. The endocuticle c..1.n be seen to be collapsed onto 
dis.tinct structures at the poles of the guard cell complex. 
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Plate 5.4. 
Stomata in Commelina communis. 
A. 8 KeV scanning electron micrograph of an adaxial 
stomatal complex viewed through the palisade mesophyll (P), x 970. The 
palisade mesophyll cells seem to be connected to each other and to the 
epidermal cells by what are presumed to be endocuticular strands. The 
substomatal chamber is clearly illustrated in this micrograph. 
B. 10 KeV scanning electron micrograph of an abaxial 
stomatal complex, x 2 lOO. The endocuticular covering of the guard 
cells (G) appears to be very loose and plicated. The endocuticle of 
the subsidiary cells bears rugose striations. Those of the polax 
subsidiary cells (P) and the inner lateral subsidiary cells (I) are 
orientated radially in respect of the stoma, Hhilst those of the outer 
lateral subsidiary cells (o) are orientated parallel to the stoma. 
The arrows indicate the striations and their orientation in the lateral 
subsidiary cells. 
A 
B 
Plate 5.5. 
StomiJta. in Tradescantia pallidus, 1. 
A 10 KeV scanning electron microg-.caph of.a stomatal complex, x 2 000. 
This micrograph illustrates the dense waxy bloom ~1hich covers the abaxial 
surface of the leaf in this species. The outer anticlinal guard cell 
wall suture is concealed beneath this bloom, but its position is 
indicated by the arrows. S = lateral subsidiary cell. 

Plate 5.6. 
Stomata in Tradescantia pallidus L II. 
A. 10 KeV scanning electron micrograph of a guard cell 
complex vieHed obliquely from the side adjacent to the mesophyll, 
x 2 700. The poles of the complex are slightly bulbous an\1 the 
endocuticle in these regions is considerably plicated. 
n. 10 KeV scanning electron micrograph of a section 
through a leaf, x 280. 
substomatal chambers. 
This m:Lcrograph clearly illustrates the 
146 
A 
B 
Plate 5.7. 
Stom<:~ta in Tradescantia _JJ<l.llidus, III. 
A. 10 KeV scanning electron micrograph of a guard cell 
complex vieHed from the side. adjacent to the mesophyll, x l 7.50. This 
tissue had been floated on Hater prior to examination and clearly 
shows polar substomatal ·swellings (arrot1ed) at both ends of the guard 
cell complex ( G:).. Strands extend from these poJ'ar s1·1ellings onto the 
polar subsidiary cells 
B. 8 KeV scanning electron micrograph of a stomatal 
complex viet~ed from the side adjacent to the mesophyll, x l 100. 
The specimen is badly iced over, but it is intzresting to note that the 
polar regions of the guard cells are the only area of the stoma tal 
complex Hhich are iced over. 
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Plate 5.8. 
Substomatal ion-adsorbent bodies in Tradescantia pallidus, I. 
A. 10 KeV scanning electron micrograph of a bisected 
stomatal complex viewed from a lateral aspect, x 2 000. During 
sectioning the scalpel blade passed exactly down the centre of the 
guard cell complex so as to leave the guard cell (G) intact. The 
polar subsidiary cell (P), likewise, has not been damaged, Other 
tissue visible in the micrograph is the mesophyll (~!) and a lateral 
subsidiary cell (L). An ion-adsorbent body (B) is clearly visible 
tledged beb1een the pole of the guard cell and the adjacent polar 
subsidiary cell. 
B. 
in A, x 4 200. 
An enlargement of the ion-adsorbent body illustrated 
Strands can be seen extending between the body and the 
polar subsidiary cell and also beh~een the body and the guard cell wall •. 
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Plate 5.9. 
Substomata•l ion-adsorbent sites in Tradescantia pallidus, li. 
A. lOKeV scanning electron micrograph of a bisected 
stomatal complex viewed from a lateral aspect, x l 600. There are several 
ice crystals lodged in the substomaial chamber (hollow arrows). The 
curved solid arrow indicates· the ion-adsorbent body lyh1g behind 
what appears to be a membrane between the pole _of the guard _cell 
and the polar subsidia.ry cell ~rali (straight solid arrow). 
B. This is exactly the same tissue as it appeared after 
being left in the electron beam for a few minutes. Note how the ice 
crystals have disappeared, as has the membrane covering the ion-
adsorbent body. E = epidermal cell, M = mesophyll cell, P = polar 
subsidiary cell, and G = guard cell. 
A 
B 
Plate 5.10. 
lmrer periclinal guard cell ·~-rall in Tradescantia pallidus. 
10 KeV scanning electron micrograph of a section through 
the lm-rer periclinal guard cell wall, x 10 200. Lamellar gaps occur 
in the thickened lmmr periclinal ~ralls as indicated by the arrows, 
G = guard cell lumen; B = ion-a.dsorbent body. 
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CHAPTER 6 
I FURTHER ASPECTS OF 
\SUBSTOMATAL STRUCTURES 
' BINDING SITES 
In both the plant species studied in detail, the binding 
sites are located in an extracellular position adjacent to the poles 
of the guard cell complex. The scanning electron microgr~phs of the 
bodies in :Iradescantia pallidus (Plate 5.fJA) indicate that they are 
solid structures in fresh tissue and, whilst direct observation has 
not been possible in Polypodium vulKdre, circumstantial evidence 
(Plate 5.)B) indicates that they too are solid. The electron 
microscope results eliminate the possibility that the cobalt 
localisations observed in tissues treated with the Nacallum stain are 
artefacts, such as Liesegang bands which have been reported in tissues 
treated with this histochemical stain (Lloyd, 1925). Since the 
binding sites are discrete bodies which are capable of adsorbing 
a ~lide variety ions from both the transpiration stream and external 
solutions (vide Chapter ll), it is proposed to refer to these structures 
as ion-a.dsorbent bodies. 
Although the ion-adsorbent bodies appear solid in external 
a.spect (Plate 5. BA), the light microscopical examination of resin-
embedded sections of P. vulgare shows that the bodies are ~ bag-
like (Plates 4.18A, and 4.20) with )0 40 nm thick walls surrounding 
the hollow lumen. The ultrastructural nature of these 1-1alls is not 
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knorm at present.· 'l'he hollow charo.cter of the ion-adsorbent bodies 
c..nd. the great va.riabiJ:i ty in the size and form of the substorna tal 
structures suggest that t~ey are capable of inflation. It would nlso 
neem that the degree cif inflation may be related to the state of 
hydration of the tissue. This is sugsested by the small size and 
plicCJ.ted nature of the substomatal sacs in P. vulgare (Plate 5.1B), 
which .i.s clearly under water stress, when compared with the dilated sacs 
present in Plate 5.JA, in Hhich the tissue is turgid. Similar evidence 
has been found in '!'. pallidus in uhich the polar regions of freshly-
stripped material are only slightly swollen (Plate 5.6A), whilst these 
regions in mrt.terial which has been floated on 1~ater for thirty minutes, 
after stripping, are distinctly swollen (Pl<!.te 5. 7A). 
An um·esolved feature of the ion-adsorbent sites is whether 
one single, one semi-divided, or hro separate bodies are present at 
ea.ch pole of the guard cell complex. 'l'he evidence produced from the 
microscopical studies is confusing. In P. vulgare, the light 
microscopy favours a paired structure as does transmission electron 
microscopy, Hhereas scanning electron microscopy and light microscopy 
of thick resin-embedded sections fa.vours the concept of a single polar 
ion-adsorbent body. All the evidence indicates that a pair of bodies 
are associated trith each pole of the guard cell complex in T. pallidus 
and that the hm halves are in Heak contact, mesially. 
The presence of an endocuticle covering the internal 
surface of the epidermis and mesophyll has been confirmed by scanning 
electron microscopy which indicates that it also covers the ion-adsorbent 
bodies as substomatal sacs. The substoma tal sacs are believed to be 
formed by the ion-adsorbent bodies becoming inflated against the 
endocuticle. 
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~lhilst the enclocuticle is clearly visible in several of the 
tranomission electron micrographs of guard cell complexes as either an 
elec'Lron dense outer elemont of the cell wall or else as an electron 
sub-t:mnspa.rent region- in the same position (Plate Lf .ll), no indication 
of endvcuticular substornatal sacs ~1as found. Thus, it must be 
assumed that the substornatal sacs either are not extensions of the 
endocuticle or else they are composed of endocuticular material 11hich 
becomes denatured during the preparative procedures. 
Present knowledge of cuticle structure is far from complete 
(Hartin& Juniper, 1970} but, in this discussion, their model of a 
conventional mesophytic cuticle will be adopted (Fig. 6.1A). 'l~he cell 
~1all (sensu stricta) is delimited, on its outer surface, by a layer of 
more or less pure pectin which is contiguous with the pectinaceous 
Jldddle lamellae of the anticlinal walls. Outside the pectin layer 
there is a cutinised layer in which cellulose and cutin are laid down 
in a pectinaceous matrix. On the outer surface of the cutinised 
layer is a cuticularised layer of rather uncertain composition. 
Nartin & Juniper (1970) state that this layer is constructed of more 
or less pure cutin, whilst Crisp (1965) considers it to be lipoidal 
and to represent the cuticle proper. On cell faces exposed to the 
atmosphere, there is very often a layer of waxy secretions over the 
external face of the cuticularised layer, but in considering the 
endocuticle here, this layer is irrelevent. 
Plate lf.l4 indica.tes that, in P. vuleare, the walls of 
the ion-adsorbent bodies are continuous ~1i th the outer elements of the 
lower periclinal walls of the guard cell complex. This outer element 
is stained more darkly than than the rest of the cell wall which 
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indicates structural differo:;nces as ·would be expected of the endocuticle. 
It is, therefore, suggested that the ~1alls of the ion-adsorbent bodies 
are composed of the pectin and, perhaps, the cutinised layers of the 
endocuticle, and that the endocuticule.r substomata.l sacs are formed by 
the lipoidal layer (Fig. 6.1B). This is compatible with the failure 
to demonstrate the substomatal sacs using transmission electron 
microscopy since the lipoidal element wotLld be denatured by the pure 
ethanol and propylene oxide, or acetone, during the preparative 
procedures, or even the epoxy-resin. The collapsed endocuticular 
substomatal sacs illustrated in Plate 5.JB presumably retained their 
integrity because the material was fixed in only 70% ethanol which 
may be insufficiently strong to denature its lipoidal nature. 
It is also possible that the endocuticular trabeculae, 
observed in light microscopy studies (Plate J,J), are not visible 
Under the transmission electron microscope for the reasons discussed 
above. The scanning electron micrographs (Plates 5.1B and 5.3) 
confirm their presence and it is, therefore, unlikely that they are 
artefacts. Theirassociation with the guard cell complexes in both 
P. vulgare and Tradescantia spp. is particularly interesting since the 
guard cells do not appear to be connected to surrounding epidermal or 
subsidiary cells by plasmodesmata. The trabecular system could be an 
important apoplastic pathway between the guard and adjacent subsidiary 
or epidermal cells and could act as preferential ion channels betHeen 
these cells as evidenced in Plate J.JA. 
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INTRAMURAL ION PATHWAYS 
The transmission electron micrographs (Plates 4.13, and 
4.17), P.nd the light microg-raphs (Plate /},20) show that cobalt, from 
the t·ia.callum stain (Nacallum, 1905), is deposited in the form of a 
trace in the loHer parts of the outer anticlinal walls of the guard 
cell complex. An enlargement of one of these traces in P. vulgare 
(Plate 6.1A) shmrs that the trace begins beneath the endocuticle, 
passes upwards through the middle lameilar region of the common 
guard/subsidiary cell wall, and then crosses the guard cell wall 
obliquely to enter the lumen of this cell. Although no structural 
modifications of the cell rrall are observable in these regions, other 
observations suggest that preferential pathHays exist in this region. 
\Vhen epidermal tissue is heated excessively in the electron beam of 
. the scanning electron microscope, the first sign of damage is the 
appearance of endocuticular 'bubbles' over the outer anticlinal walls 
of the guard cell complex (Plate 6.1B). Hhen epidermal strips are 
treated with the bade l·lacallum stain (Nacallum, 1905), vesicular 
loca~isations of cobalt have been observed to collect around the 
periphery of the guard cell complex (Plate 6 .lC). This may result 
from guard cell sap being 'forced' rapidly out of the cells as a 
result of the high concentration of the cobaltinitrite solution 
employed in the basic formulation of the stain (vide Chapter 2). 
Air can also bubble out of these anticlinal sutures when whole leaf 
segments are mounted in ~rater under a coverslip and exposed to a strong 
light (Plate 6,1D). 
~!artin & Juniper (1970) have produced pictorial evidence 
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of ectodesmn.ta in their Jt,ig. 4.6 Nhich bears a striking similarity to 
l'la.te 6.1A, especially_ since neither structure penetrates the cuticle. 
In order to determine 11hether the preferential path;1ays in the 
anticlinal Halls could be ectodesmata, some material was subjected to 
to fixation in Gilson's solution as described by Schnepf (1959). The 
resultant demonstrations of ectodesmata Here rather disappointing and 
only very small areas of 'l'radescantia pallidus exhibited the classical 
distribution pattern described <~.nd illustrated by Schonherr & Bukovac 
(1970); Sievers (1959), Schnepf' (1959), }ranl<e (1969), and others. 
No distinctive ectodesmata Here fow1d in _:polypodium vulgare. The 
distribution of ec.todcsmata in T. pallidus is illustrated in Plate 6.2 
~1here the structures· occur primarily above the anticlina.l· sutures of 
the epidermal cells and particularly above the anticlinal sutures of 
the outer 1·1a.l1s of the guard cells on the inner face of the epidcr~nis; 
the distribution on the outer face of the epidermis is random B.nd no 
evidence ~1as obtained to suggest they are associated Hi th the anticlinal 
cell walls on this face. These findinr,s are not in agreement uith those 
of other workers ( op. cit.) Hho -find that ectodemata occur primarily 
on the outer face of the epidermis. However, the present findings 
on the structures in T. pallidus are consistent with the the evidence 
of preferential ion channnels in the loHer regions of the outer 
~:~nticlinal guard cell ~ralls and it is possible that the cobalt traces 
found in Plate 6.lA could be ectodesrnata. This aspect of stomatal 
organisation clearly requires further study. If ectodesmata are 
particularly associated with the inner stuace of the epidermis, as is 
suggested here, their role in apoplastic movements of ;ra ter and solutes 
between the lumen of the guard cells and the subcuticular regions of 
the stomatal complex (i.e. the transpiration stream, Neidner, 1975) 
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Fig. 6.1. 
Hypothetical composition of the ion-adsorbent body ~<alls. 
a. The composition of a hypothetical cuticle (redrawn 
after ~artin & Juniper, 1970). 
b. Hypothetical composition of the ion-adsorbent body 
walls. cw = cell wall, p = pectin layer, en = cutinised layer, and 
et = cuticularised layer. 
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Plate 6.1. 
Intramural pathHays in Polypodium vulgare. 
A. Transmission ele:::tron micrograph, x 21 000. The 
micrograph illustrates a cabal t trace through the loHer regions of 
the outer anticlinal guard cell walls similar to those illustrated in 
Plate 4.IJA. The tissue was pretreated with modified Hacallum's stain 
(7,5% w/v), and fixed in ethanol; no post-staining. The cobalt trace 
can be seen to extend from beneath the endocuticle (arroHed), tlu·ough 
·the common outer anticlinal cell Hall between the guard cell (G) and 
adjacent subsidiary cell (S) to the guard cell protoplast. 
B. Scanning electron micrograph of the stomatal complex, 
X J. 000. The tissue has been exposed to the electron beam for too 
long which has resulted in the tissue becoming heated up and 
characteristic blisters appearing, p:;.rticularly over the outer 
anticlinal cell ~rall sutures on the side adjacent to the mesophylJ.. 
C. Light micrograph of stomatal complex stained with the 
basic 1·1acallum formula.tion, x 525. Besides shoHing the usual 
stain localisa.tions, this micrograph also shows beads of stain 
associated with the outer anticlinal celJ. walls of the guard cell 
complex. Careful focussing indicates that the beads are in a very 
superficial location on the inner surface of the epidermis. 
D. Light micrograph of fresh tissue, x )25. The 
whole leaf segment has been illuminated for about one minute prior 
to the photograph having been taken and shmrs bubbles of gas (arrowed) 
emanating from the outer anticlinal walls of the guard cell complex. 
159 
u
 
c 
Plate 6.2. 
Ectodesmata in isolated epidermal tissue of Tradescantia pallidus. 
Light micrographs of epidermal tissue treated ~1ith Gilson 's solution 
and viewed from the side adjacent to the mesophyll. 
A. Lower po~1er micrograph, x 110. The mercury . 
precipitates can be seen to be closely associated with the anticlinal 
cell wall sutures and are pa.rticula.rly abundant in the suprafascicular 
epidermal tissue. 
B. Stomatal complex, x 425. '!'he micrograph is focussed 
on the dense aggregations of mercury precipitates on the inner face 
of the guard cell complex belm-1 the outer anticlinal guard cell Halls. 
C. This is an identical microeraph to B, but is focussed. 
on the surface of the epidermal tissue adjacent to the mesophyll. 
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• CHAPTER 7 
1 -- - ---
:CHEMICAL NATURE OF THE ION-ADSORBENT BODIES 
--4 -------
/ INTRODUCTiON 
Circumstantial evidence was offered in Chapter 6 to suggest 
that the ion-adsorbent bodies might be constructed of cuticularised 
outer cell Hall elements of the lower periclinal walls at the poles of 
the guard cell complex. The present study is a histochemical 
exawination of the polar regions of guard cells for characteri3tic 
elements of the pectin and cuticularised layers in this region. 
i OBSE~y ~~IONS 
i_<;_uticularised element of th~ endocuticle 
This element is considered to be highly lipoidal (Crisp, 
196.5) and tlas tested for with the Nile Blue procedure (Cain, 1947), 
and Sudan IV and Sudan Black B (Baker, 19470 Gomori, 19.52) on epidermal 
otrips of Eolypodium vulgare, Commelina communis, and Tradescantia spp. 
In no case tlas distinct staining observed in epidermal peels viet1ed 
with their endocuticular surfaces uppermost, or ~;hen strips of 
P. vulgare were sectioned by hand. It was concluded that the lipoidal 
content of the endocuticle in these mesophyte species is too thin to 
stain sufficiently for microscopical examination. 
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Having been unsuccessf-ul in demonstrating the lipoidal 
na.ture uf the cuticularised layer of the endocuticle histochemically, 
it was decided to isolate it by acid digestion as described in Chapter 
2. Just before complete digestion of the underlying cells is 
achieved, the endocuticle of P. vulgare can be removed and be seen to 
retain weak 'imprints' of the underlying cells (PJ.a te 7 .lA). At this 
stage, the 'imprints' of the substomatal structures can often be 
distinguished at the poles of the guard cell complexes. The 'imprints' 
of both the anticlinal cell wall sutures and" the polar structures 
eventually disappear on complete digestion of the non-lipoidal 
constituents of the epidermis to leave a flat lipid layer punctuated 
only by slits left by the stomata. The completely isolated lipid 
layer of. the endocuticle in C. communis is also featureles~> except for 
the stomatal slits. Observations of the endocuticular SUXIace during 
acid digestion in this species indicate. that the lipid element is very 
lleakly attached to the outer anticlinal cell wall sutures of the guard 
cell complex and quickly becomes freed (Plate 7 .lB). No 1 impr-ints 1 
of the substomatal structures are seen in the partially isolated 
endocuticle, although the endocuticle in this region is particularly 
wrinkled (Plate 7.1B). 
1- Pe~th,-~le~~~-t oL!~~-cell w~il I endocutl~le--
The polar regions of guard cell complexes in fresh epidermal 
strips of P. vulgare stain a pale purple-pink with toluidine blue 
(Plate 7.2A & B), as detailed in Chapter 2. The subsidiary and 
epidermal cells abutting onto the stomatal complex do not take up the 
stain immediately, whilst other epidermal cells stain blue, with the 
exception of the suprafascicular tissue which stains purple. After 
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about ten minutes immersior. in the .;tain, the epidermal ccHs abutting 
onto the guard cells become blue, whilst after 20 to JO minutes, the 
staining at the poles of the guard cells becomes masked as the stain 
suffuses into the body of the guard cells. If the epidermal strip of 
P. vulgare·is pretreated with a ten second immersion in ethanol, the 
component cells of the epidermis produce a very interesting staining 
pattern. The poles of the guard cells stain blue-black, the epidermal 
and subsidiary cells abutting onto the guard cell complex stain pink, 
the epidermal cells stain blue, and the suprafascicular epidermal cells 
stain either very deep blue or violet. 
PoJychromatic effects uere not observed in the epide:n1al 
tissue of :IradescantiCl;_ rallidus_ •rhen stained Hi th toluidine blue. 
All the epidermal cells, except those of the stomatal complex, stain 
blue, whilst the subsidiary cells or those parts of them adjacent to 
the gua.rd cells remain um;_tained. Usually the poles of the guard. cells 
only take up the stain very slightly as in Plate 7.20, but occasionally 
the poles may stain very distinctly (Plate 7. 2D). In the majority of 
of guard cell complexes Hhich do not exhibit strong polar staining, 
the common and polar anticlinal ;ralls of the guard cell complex take 
up the stain very strongly (Plate 7.20). After about five minutes 
immersion in the stain, the subsidiary and guard cells become suffused 
llith the dye. 
In order to assess the involvement of pectin in the ion-
adsorbent structures, epidermal strips of T. pallidus were incubated 
in pectinase as detailed in Chapter 2. After varying periods of time, 
epidermal strips were removed and treated with 2% (w/v) sodium 
cobal tinitri te in the modified Hacallwn technique (Chapter 2) to 
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determine the effect of the enzyme on the binding properties of the 
ion-adsorbent bodies. The results are illustrated in Plate 7.3. 
The enzyme was observed to ~ve little effect on the ion-adsorbent 
bodies during the first 2.5 hours of the treatment, although there was 
an unusu.a.lly strong reaction to the Ma.callum stain in the stomatal 
complex (Plate 7.JA). After 6 hours treatment, the ion-adsorbent 
bodies appeared to be largely denatured and their polar positions only 
wea.kly visible (Plate 7 .JC). All signs of the bodies had disappeared 
after 12 hours pectinase treatment (Plate 7.JD). 
DISCUSSION 
Cuticularised element of the endocuticle 
The present findings tend to. confirm the position of the 
cuticularised element of the endocuticle as proposed in Chapter 6. 
It appears that although this membrane is not directly involved in the 
ion-adsorbent bodies, it contributes to the endocuticular substornatal 
sacs which cover the bodies. 
Pectin element of the cell wall I endocuticle 
Toluidine blue is a basic thiazine dye (Fig. 7.1) with a 
positively charged dye ion. Generally, it will stain any tissue 
Fig. 7.1. The structure of toluidine blue. 
+ 
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element which is acidic in reactior. by ionic bonding. It is histo-
chumically metachromatic under certain conditions which means that on 
staining a substra.te, the absorption spectrum·. of the substrate-dye 
complex may differ sufficiently from that of the original dye colour 
(orthochromatic state) to give a marked contrast in colour (metachromatic 
state). The shift of the absorption maximum of a metachro~~tic dye 
is alrrays towards shorter ~rave lengths. The work of Nichaelis & 
Granick (1945) suggests that the metachromatic effects result from 
polymer formation of the dye at the substrate face. In the case of 
tol uj_dine blue, it is thought that the rnonomeric form of the dye 
produces the orthochrome state, the dimer produces a purple 
metachromatic colouration, and the trimer produces the pink fully 
metachromatic state (J:t,ig. 7. 2). Polymerisation is favoured by a 
substrato 
--oryr_-= -v:-
t ' 
Fig. 7.2. Metachromasia. 
orthochromatic 
ex 
weakly metachromatic p 
strongly metachromatic 
y 
V free acid radical 
~ ionic charge 
V toluidine blue 
0 water molecule 
Diagram illustrating the dependance of metachromasia 
on polymerisation of dye molecules and the 
requirement of a certain minimum substrate density 
of negative charges. (Based on Pearse, 1968). 
sufficiently high dye concentration and a sufficient degree of hydration 
since the molecules of the dye are held together as polymers by water 
molecules and van der l'laal's forces (Pearse, 1968). Baker (1958) 
has shmm that toluidine blue has a transmission spectrum 1~ith three 
troughs (Fig. 7.J). The blue orthochromatic trough (a) is situated 
Fig. 7.J. Transmission spectrum of toluidine blue. 
(redrawn from Baker, 1958) 
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Graph showing the transmission of light through 
a 1 cm thick solution of toluidine blue. 
A. 0,0002% toluidine blue in 80% alcohol. 
B. 0,001% toluidine blue in distilled water. 
C. 0,001% toluidine blue in distilled l'l"ater + 
2 drops heparin solution (5 000 i.u. ml-2 ) 
per 3.4 ml of solution. 
B 
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at ea. 640 run , the purple metachromatic trough (8), which results from 
the simultaneous presence of B and Y forms, is at 590 - 6oo run, and the 
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pink metachromatic trough (y) at 550 nm (520 nm, according to Pearse, 
1968). Metachromasia can take place on substrates in which a certain 
min:i.mum density of negative charges exists. The d.istance between free 
acid radicals in polygalr..cturonic acid (F'ig. 7.4), the prime constituent 
of ped.in, is 0,5 nm which is sufficient to produce weak metachromasia 
(Pearse, 1968). 
Fig. 7.4. The structtrre of polygalacturonic acid. 
The weak purple-pink metachromasia observed at the poles of 
P. vulgare guard cells Hhen stained with toluidine blue·suggests that 
the metachromatic state lies between the S and y states which Nould 
have a light transmission trough between 550 and 600 nm (Fig. 7.J). 
This obse1~ed metachromasia is of the right order if the reacting 
substrata is of a pectic nature since the absorption maxima for the 
production of metachromasia in pectinate is 560 nm (Sylven, in Pearse, 
1968). 
There is only one published report (Drawert, 1942) of 
structures which can be interpretated as substomata.l ion-adsorbent 
sites, .This paper on the ontogeny and morphology of the stomatal 
complex in Tradescantia virginica (sic;) includes a report on the 
distribution of toluidine blue in isolated epidermes, The present 
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findings largely agree )lith those of Dra;rert (1942) except that the 
p£esent study does not_confirm that the polar subsidiary cells of 
T. p;:.llidus or T. x ander!:oniana differ markedly from the lateral 
subsidiary cells in that the dye is taken up preferentially by the 
former cells. Pla. te 7. 2C & D sho1; tha. t the dye is not taken up 
immediately by any of the subsidiary cells. Furthermore, he suggests 
that there is a difference betHeen the uptake of the dye by the lateral 
subsidiary cells in the light and in the dark. This has not been 
confirmed in this investigation. It was noted by Drawert (1942) 
and illust~~tcd in Plate 7.2D that some subsidiary cells took up the 
dye in regions distal to the complex and that a clearly defined dye 
front Has formed within the subsidiary cell. No explanation can be 
offered for this phenomenon although it may be an artefact similar to 
the Leisgang bands reported on by Lloyd (1925) in his critique of the 
Jolaca.llum stain (Nacallum, 1905). 
The absence of' metachromatic staining in T. j?all:i.dus and 
the excessively polychromatic appearance of P. vulga!£ pretreated 
lJith ethanol are probably both due to available ion-binding sites. 
The number of free acid radicals is dependant on the ambient pH of 
the toluidine blue solution used. A higher pH ~rill maintain a higher 
state of hydration in the tissue and induce greater ionisation of the 
carboxyl groups on the substrata, both of which are conducive to 
metachromasia. The alcohol is thought to enhance the reaction by 
improving the penetration of the dye by the partial dissolution of the 
lipoidal endocuticle and may also remove any polar lipids llhich may 
be a.dsorbed onto the bodies. 
The explanation given by Drawert (1942) for the polar uptake 
168 
of toluidine blue is interesting. He states that polar staining is 
restrict.ed to the outer membrane, but it is not clear Hhether he is 
referring to the endocuticle or the periclinal cell wall. He correctly 
points out that the density of the dye in the tissue is proportional 
to the isoelectric point of the substrate and makes the point that the 
isoelectric point of cell surfaces increases Hith age so that the older 
the cell Ha.ll, the deeper the toluidine blue staining. He concludes 
that the polar stainin~ of the guard cells is a result of premature 
ageing of the cell surface. Hhilst accepting that this may be a 
plausible explanation Hhich should be investigated further, the 
metachromasia observed in P. vulf@_~ guard cells would seem to suggest 
that these areas of -the guard cells are particularly rich in pectin. 
This suggestion is confirmed by the enzywatic degradation 
of the ion-binding sites by pectinase treatment (Plate 7.3). '!'he 
failure of enzyme-incubated epidermal tissue to adsorb the cobalt stain 
is not thought to be a case of auto-degradation brought ·about by the 
death of the tissue since the ion-adsorbent sites of·epidernal strips 
killed in boiling in ~later for ten minutes and those stripped off 
dead leaves (Chapter 3) retain the ability to adsorb-the cobalt cations. 
'!'he densely-staining anticlinal walls at the poles of the 
guard cell complex ~ihen stained ~li th toluidine blue (Plate 7. 3C) are 
very similar to the anomalies observed in these walls by Raju et al. 
(1975). As mentioned in the discussion of Chapter 3, no evidence has 
been found during this study to support their contention that these 
regions of the guard cell walls a-re differentially thickened. The 
anticlinal walls of the guard cells in these regions have a greater 
perpendicular depth than other anticlinal walls of the guard cell 
complex, which are curved when viewed with a microscope, so that any 
169 
stain which lodges in these polar cell walls will appear denser than 
elsewhere in the guard .cell walls since it will be compounded by the 
depth of the l·rall. 
other stains were used to determine the involvement of 
:pectin in the ion-adsorbent bodies, Heak polar fluorescence was 
obtained with fluorescent periodic acid-Schiff's reaction(de Tomasi, 
19)6), but no distinct polar staining was observed with the standard 
.Periodic acid-Schiff's stain (Hotchkiss, 1948; 11cl-la.nus, 1948). 
Similarly no positive reactions Here obtained ~rith the more specific 
stains for pectin, ruthenium red (Johansen, 1940) and hydroxylamine-
ferric chloride (Reeve, 1959), but this may may have been due to 
insufficient substrata being present since, ruthenium red, at least 
requires "fairly high concentrations" of pectin (Jensen, 1962). 
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Plate 7.1. 
Quasi-isolated endocuticlcs. 
Light micrographs of acid-digested cuticular membranes, unstained. 
A. Stomatal complex of Polypodium vulgare, x 550. 
lveak imprints of the anticlinal cell ~1all sutures between the guard 
cell complex and the subsidiary cell (g), and between the subsidiary 
and adjacent epidermal cell (s) are visible. The guard cell complex 
retains an impression of the underlying ion adsorbent bodies (small 
arrows) r~hich disappear on complete digestion of the non-lipoidal 
elements of the cell wall / endocuticle. 
B. Stomatal complex of Commelina communis, x 8)0. 
This micrograph is of an early stage during the acid digestion and 
shows the weak connection between the endocuticle and the outer 
anticlinal guard cell wall sutures ~1hich separates very early during 
the treatment (g). No direct signs of the underlying ion-adsorbent 
bodies are apparent in this species although the endocuticle in this 
region is particularly wrinkled (small arrows). 
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Plate 7.2. 
Toluidine blue s~}ning of isolated epidermes. 
A. Light micrograph of PolYJ?odium vulgare, x 100. 
The poles of the guard cells stain pale purple-pink, the cells 
iwJnediately adjacent to the guard cell complex are unstained, and the 
rest of the epidermal tissue stains blue. The small arrow indicates 
a dead complex in l"lhich the poles are stained, ~rhilst the larger arrmr 
indicates a complex in ~rhich one of the guard cells is dead and the 
other living. 
B. Light micrograph of a single guard cell complex in 
Polypodium vulgare, x 450. 
C. Light micrograph of stomatal complex of Tradescantia 
pallidus, x 4)0. The stain has been taken up by the epidermal cells, 
but not by the subsidiary cells. There is only a very weak polar 
accumulation of the dye in the guard cell complex although the polar 
anticlinal cell ~ralls appear to have adsorbed it preferentially 
(arro1wd, but see text). 
D. Light micrograph of stomatal complex of Tradescantia 
pallidus showing a very strong polar reaction, x 750. A dye front 
is clearly visible in the polar subsidiary cells (atTowed). 
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Plate ?.J. 
Pectinase treatment of inalated epidermes. 
Light micrographs of epidermal strips from Tradescantia pallidus which 
were incubated in pectinase for varying periods before being treated 
with the modified !1acallum's reagent (2?'~ li/v). 
A. Control tissue, incubated in distilled water for 2.5 h, 
X 200. 
B. Enzyme-treated tissue after 2.5 h, x 200. note hol·l 
the entire stoma tal complex reacts very positively to the stain tlhen 
compared with the surrounding epidermal tissue, or the stowatal 
complexes in the control (A, above). 
C. Enzyme-treated tissue after 6 h, x 200.. Note the 
very weak polar reactions in the guard cells. 
D. Enzyme-treated stomatal complex after 12 h, x 900. 
No distinct polar localisations were observable although a very positive 
~acallum stain-reaction was present over much of the tissue. 
l?J 
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CHAPTER 8 
, DISTRIBUTION OF SUBSTOMA TAL ION-ADSORBENT 
. StRUCTURES IN THE PLANT KINGDOM 
INTRODUCTION 
Since substoma:w.l ion-adsorbent sites are described and 
reported on here for the first time, there are obviously no reports in 
the literature regarding their distribution in the plant kingdom, It 
is clearly advantageous to know their distribution since, once knolm, 
correlations can perhaps be found between the presence of the structures 
and some particular ecological requirement, phylogenetic or taxonomic 
assemblage, anatomical organisation, physiological function, or some 
other criterion. To achieve such a correlation it ~10uld be necessary 
to carry out a systematic and comprehensive survey ~:hich is obviow:;ly 
outside the scope of this study, However, a preliminary, non-
systematic, sw:vey was carried out on a uide variety of plant types 
using the modified Macallum technique ('7,5% w/v) described in Chapter 2. 
; OBSERVATIONS 
\ Bryophyta 
No indication of substomatal ion-adsorbent sites was found 
in sporophytic tissue of Polytrichum, Mnium, and Funaria spp .• It was 
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noticeable that peels from these mosses adsorbed such large quantities 
of cobalt from the sta~n as to make observations on the stomatal 
complex extremely difficult. 
1 Pteridophyta 
An examination of representative members of the Psilopsida 
(Psilot.um nudum), Lycopsida (Lycopodium, Huperzia, and Selaginella spp.) 
and Sphenopsida (Eguisetum spp.) indicate that the ion-adsorbent bodies 
are absent from these rather primitive pteridophytes, although it is 
possible that they may occur in a rudimentary form in Eguisetum spp •• 
l~ithin the eusporangiate Filicopsida, the substomatal 
structures appear to be absent in the Ophioglossales (Botrychium and 
Ophioglossum spp.), but are particularly well developed in the 
Ma.rattiales (l·iarattia and Angiopteris spp. ), (Plate 8.1). 'l'he 
structures are almost ubiquitous in the leptosporangiate Filicales, but 
absent in the t·iarsileaceae (l1arsillea and Pillularia spp.) and 
Salvineaceae (Salvinia natans). The ion-adsorbent bodies in the 
Filicales look similar to those described for Polypodium vulga.re. 
Representative examples are illustrated in Plates 8.2 and 8.J. A 
large number of genera and species have been examined, and the structures 
have only been found lacking in Pellaea sagittata and Ceratopteris 
thalictroides 
I Gymnospermae 
The ion-adsorbent sites have only been looked for in the 
more primitive types such as Cycas revoluta, Bowenia sp. indet., and 
Ginko bilol:a and found to be absent from these representatives although 
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the 'lower periclinal guard cell ;:al"ts appear to be differentially 
t.hickened/ cuticularised in the polar regions. 
· Angiospermae 
Despite extensive searches being made in this group, ion-
adsorbent sites have only been positively identified in the 
Commelina.ceae and the Liliaceae. The structures are generally l·:ell-
developed in the Commelinaceae ~nd have been found in all the genera 
and species of this family ;:hich have been examined. Representative 
examples are illustrated in Plates 8.4, 8.5, and 8.6. The structures 
va~y greatly in size between species, even within a single genus, 
(Plate 8.6), and are very insignificant in .Qeill§}.a fragr.ans (Plate 8.5C) 
and Cyanotis kewensis (Plate 8.6C), indeed many of the stomatal 
complexes in these two species appear to lack the structures completely. 
The ion-adsorbent sites found in Chlorophytum elatum appear to be 
atypical of the Liliaceae since all the other genera and·species 
examined show no sign of the structure {Plate 8.7A). 
There is a strong possibility that the genus raranta 
(Ma.rantaceae) possess a type of ion-adsorbent body quite unlike those 
described for Polypodium vulgare or Tradescantia pallidus. In this 
genus the structure is represented by a string of bodies lying 
immediately below the outer anticlinal rlalls of the guard cell complex, 
adjacent to the lateral subsidiary cells (Plate 8.7C). Scanning 
electron microscopy has confirmed the presence of these structures in 
M. J.ubberstana (Plate 8.7D). 
Ion-adsorbent bodies do not appear to be present in the 
wide range of dicotyledons examined, although what appear to be 
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extensions of the neighbotu:"ing cell=. onto the inner face of the guard 
cell complex in Dianthus x plumarius (Caryophyllaceae) may represent 
yet another type of ion··adsorbent structure present in certain plants 
(Plate 8, 7B), The substomatal structures in D. x plurnarius have not 
been investigated in any detail. 
DISCUSSION 
No firm conclusions can be dra~m from the fragmentary 
survey carried out, except to surmise that ion-adsorbent structures 
are fairly ubiquitous amongst the Filicales and the monocotyledon 
family, Commelinaceae. The physical differences already noted 
between the bodies in Polypodium vulgare, which is considered to be a 
typical member of the Filicales, and Tradescantia pallidus, which is 
considered to be typical of the Commelinaceae, may indicate that a 
variety of morphological types of bodies could be scattered throughout 
diverse plant groups, as is exemplified by the structures found in 
liJaranta spp. and, possibly, in Dianthus x plumarius. 
The distribution of the structures within the plant 
kingdom seems to be extremely fragmented and, at present, cannot be 
roughly correlated with any particular ecological requirement or 
phylogenetic assemblage. The distribution within the Fteridophyta 
is centred ~:ithin the filicopsid ferns but excludes the phylogenetica.lly-
primitive Ophioglossales and the phylogenetically-advanced aquatic and 
semi-aquatic members of the ~arsileaceae and Sa.lvineaceae. The 
filicopsid ferns which appear to lack the ion-adsorbent structures 
have a common feature in that their fronds are particularly soft and 
appear to be only weakly cutinised - the Ophioglossales, IIJarsileaceae, 
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Salvineaceae, CeratopteriE, and Pellae~. This observation may lead 
one to consider that the structures are particularly associated with 
ferns ~1hich are exposed to a harsher environment a11d which have, 
presumably, developed_-_a thicker cuticle. This does not appear to be 
substantiated amongst our native ferns, since the bodies are found in 
both Blechnum spicant, a species which thrives in exposed upland 
conditions, and Dryopteris spp., which are typical shaded Hoodland 
ferns. This is corroborated bythe fact that the structures in 
Polypodium vulg~~ appear to be identical in samples collected from 
sun-baked ~1alls and in those collected from epiphytic stands in shaded 
woodlands. 
Similarly there appears to be no relationship betHeen the 
presence of the ion-adsorbent bodies and a particular stomatal type. 
The ion-adsorbent bodies do not appear to be dependant on the presence 
of subsidiary cells since, although the majority of plants ~1hich exhibit 
the structures possess subsidiary cells (i.e. all the ferns and the 
Commelinaceae), the structures are also present in Chlorophytum and, 
possibly, Dianthus, which lack subsidiary cells. 'l'he stomata of 
Commelina communis are generally considered to be of a typical mesophyte-
type, whereas the stomata of ferns are structurally very different 
(~Chapter 4), and yet both have ion-adsorbent bodies. 
If ion-adsorbent structures function in the stomatal 
mechanism, a fundamental question is raised; i.e. what structure or 
system replaces them in plants which apparently lack them? This is 
unclear at present but it is perhaps significant that, in recent years, 
a large body of physiological research into the mechanisms behind 
stomatal movements has been carried out on Commelina spp., which are 
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nov1 knmm to possess ion-a<l.:;orbent structures. In this respect, 
Commelina cannot be regarded as typical. However, the stomata of 
other plant species such c>.s Pelargonium, Vicia, Phaseolus, and Zea 
(all of which have been examined and shorm to lack substomatal ion-
adsorbent bodies), basically respond in a similar way to Commelina 
without the 'advantage' of these ~tructures. 
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Pla.te 8.1. 
Substoma tal ion-adsorbent bodies i Ferns I. 
Light micrographs of epidermal ti~sue treated with the modified 
t1ll.callum' stain (7,5% w/v), x 750. 
A. ~la.rratia sp . .indet. 
B. Angiopteris evecta. 
18o 

Plate 8.2. 
Subs toma. tal ion-adsorben~,.l>.?_dies ; !<'erns II. 
Light micrographs of epidermal tissue treated with the modified 
Macallum stain (7,5% w/v), x 950. 
A. PolyPodium au:r.eum. 
B. Platycerium bHurcatum. 
C. Polystichum acr~Eli.£!1iodes. 
D. Lygodium .scan~. 
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Plate Fl,J, 
Substomatal ion-adsorbent bodies; Ferns III. 
Light micrographs of epidermal tissue treated with the modified 
Ma.callum's stain (7,5% w/v), x 750. 
A. ~smunda regalis. 
B. Asplenium adiantum-nigrum. 
c. ~'ryopteris pseudo-mas. 
D. Polystichum aculeatum. 
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Plate 8,4, 
Substornatal ion-adsorbent bodies: CommeHnaceae I. 
Light micrographs of epidermal tissue treated with the modified 
Hacallum stain (7,5% w/v), x 1 000. 
A. Tradescantia blossfeldiana, 
B. Co~rype ~talen&is 
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PJ.;~.te 8. 5. 
Substornata.l ion-adsorbent bodies; Commelinaceae II. 
Light micrographs of epidermn.l th;sue treated ~li th the modified 
11acallum's stain (7,% w/v), x l 000. 
A. Palisota. barteri. 
B. Rhoeo discolor. 
C. Callisia fragrans. 
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. ~ight .mi'c:r:ogra.phs of epiderma.il :tJ ssue. treatedi ,t·d!th the .modified 
!Maca.Hum:'s: stain (7.,5~~ H/v),. x l! ooo, 
A. . Cya.notis moB!uca.na. 
B. CYanot:i.s pil~osa. 
'C. C,Yanotis •kewensis. 
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Plate 8.?. 
Substoma. tal ion-adsorbent bodie.:u Niscellaneous. 
A - C are light micrographs of e!_lidermal tissue treated with the 
modified racallum's stain (?,5% w/v). D is a scanning electron 
micrograph. 
A. Chlorophytnm elatwn, x 950 
B. Dianthus x plumarius, x 750. This is a composite 
micrograph of two non-adjacent guard cell complexes (g). 
C. Haranta. lubterstana., x 650 
D. f1aranta lubberstana, x 3 000. The bodies (arrowed) 
can be seen adjacent to the guard cells (g) and appear to be highly 
hydrated as evidenced by surface charging. s = subsidiary cell. 
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CHAPTER 9 
· MORPHOLOGY AND ONTOGENY Or THE 
I 
; STOMATAL COMPLEX 
1 INTRODUCTION 
In order to study the morphogenesis of substornatal ion-
adsorbent sites, it is necessary to examine immature epidermes and 
relate observed development of the sites with ontogenetic stages of 
the developing stomata. Although there is a considerable body of 
literature on the ontogeny of stomata and their morphological forms 
(~ide Fryns-Claessens & Van Cotthem, 197J), certain inconsistencies 
are apparent in the descriptions of the various types of cells which 
contribute to the mature stomatal complex, and also in the 
interpretation of the ontogenetic roles played by these cells, 
Consequently, the ontogeny of the stomata in Tradescantia rallidus 
and Polypodium vulgare were examined in an attempt to resolve current 
anomalies in the accepted interpretation ~developmental events 
leading up to stomatal formation. 
A mature stomatal complex is made up of a pair of guard 
cells surrounded by subsidiary and/or neighbouring cells. Subsidiary 
cells are related ontogenetically to their associated guard cells and 
are derived de novo from either the stomatal meristemoid (defined in 
the following paragraph) or protodermal cells adjacent to the 
stoma tal meristemoid and which, at maturity, are generally 
morphologically distinct from other epidermal cells. Neighbouring 
cells are protodermal cells which lie immediately adjacent to a 
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stonu.;.tal meristemoid and which mature in this position 1'1ithout 
undergoing any cell division or differentiation so that, at maturity, 
they are indistinguishable from other epidermal cells except for their 
contact uith the guard cell complex. 
During stoma tal development, certain protodermal cells, cut 
off from the leaf meristem, undergo an asymmetrical division. The 
smaller product of this cell division, which is cut off distal to the 
leaf meristem, becomes the stomatal meristemoid and ulti~tely gives 
rise to a pair of guard cells. The stomatal meriatemoid is known as 
the guard-cell mother-cell when the meristemoid undergoes only a single 
symmetrical division to form the guard cells. \~hen the stomatal 
meristemoid undergoes more than a singl~ division, the first 
division{s) is of an asymmetrical nature and gives rise to a 
subsidiary cell { s), whilst the final division of the moristemoid, which 
now is technically the guard-cell mother-cell, is of a symmetrical type 
and gives rise to the guard cells. The subsidiary cells derived from 
the stomatal meristemoid are referred to as mesogene subsidiaries. 
However, subsidiary cells can also be derived from protodermal cells 
adjacent to the stomatal meristemoid which assume meristematic 
activity to cut off perigene subsidiary cells. It is proposed to 
refer to these meristematic protodermal cells adjacent to the 
stomatal meristemoid as subsidiary meristemoids. 
f>lodern ontogenetic terminology is l::a.sed on that of Florin 
(19Jl, l9JJ) and Pant (1965). Florin (1931) distinguished two types 
of stomatal development in gymnosperms; a haplocheilic type in ~rhich 
the stomatal meristemoid acts as a guard-cell mother-cell and forms 
the guard cells only, and a syndetocheilic type in which the stomatal 
meristemoid gives rise to one or more subsidiary cells before forming 
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the g~rd cell complex. He later (Florin, 19JJ) proposed that the two 
ontogenetic types should be referred to as perigenous ana me~ogenous 
types, respectively. Pant (1965) adopted this latter terminology and 
added a third category, mesoperigenous, to cover those stomatal types 
which contained both mesogenous and perigenous elements. His 
definitions of the three basic ontogenetic types have been el~borated 
on and re-defined by Fryns-Claessens and Van Cotthem (1973) as follOl~s: 
Porigenous. "The stomatal initial or meristemoid acts as a guard-cell 
mother-cell. It divides only once to produce the two guard. cells 
directly. All surrounding cells (generally neighbouring, but 
sometimes subsidiaries) are derived from normal epidermal cells~· 
Mesogenous. "The meristemoid divides by a series of divinions into a 
guard-cell mother-cell and either a number of mesogenous subsidiaries 
or a ring-like mesogenous cell surrounding the guard-cell mother-cell 
completely~· 
~lesoperigenous. "The meristemoid divides into two unequal cells of 
which the smaller forms the guard-cell mother-cell directly or 
divides a second tline into two cells of which one is the guard-cell 
mother-cell. 1~e larger daughter cell of the first division or 
those of both divisions become mesogenous neighbouring or 
subsidiary cell. The guard cells are formed after two or three 
divisions of the meristemoid. The surrounding cells are of dual 
origin• one or more are mesogenous, the other(s) perigenous~ 
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. MORPHOLOGY OF THE MATURE STOMATAL COMPLEX 
Tradescantia pallidus 
The leaves of this species are amphistomatous and the 
stoma. ta are of a phaneropore type tli th their longitudinal axes lying 
parallel to the longitudinal axis of the leaf. The guard cells of the 
abaxial epidermis are between 41 and 72 pm long (x = 51,6) by 10 to 24 
pm wide (x = 13,8) and are arranged in linear files throughout the 
interfascicular epidermis (Plate 9.1B). Those of the adaxial surface 
are between 4 7 and 69 pm long (x = 55, o) by 9 to 15 Jlffi ldde (x = 12,9) 
and are restricted to be tHe en one and four longitudinal rmrs on the 
s uprafascicular epidermis (Plate 9 .lA). There are, on average, Y.~, 2 
stomata mm-2 on the total abaxial epidermis with an average sto~•tal 
density of 44,6 mm-2 on the interfascicular tissue, The density of 
-2 
stomata on the adaxial surface averages 6,8 mm • The stomatal 
index (Salisbury, 1928) of the total abaxial epidermis averages 8,9 
whilst that of the total adaxial epidermis averages ),6. The average 
stomatal ratio between adaxial and abaxial leaf surfaces is l :5. 
The basic morphological form of the stomatal complex is of 
a pair of guard cells surrounded by four subsidiary cells which are 
morphologically distinct from other epidermal cells (Plate 9.2A). 
The subsidiary cells are clearly paired. A pair of lateral subsidiary 
cells lie adjacent to the outer anticlinal walls of the guard cell 
complex, and a pair of polar subsidiary cells abut onto the poles of 
the complex. The polar subsidiary cells quite frequently fail to 
develop in this species so that stomatal complexes containing only a 
pair of lateral subsidiary cells are not uncommon (Plate 9.2B). 
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The stomatal pattern on the abaxial epiderm:l.s is usually of 
a more constant nature than that of the adaxial epidermis. A wide 
variety of aberrations in the stomatal pattern have been observed 
which generally fall into one of three categoriess 
a/ Failure of certain subsidiary cells to develop, 
b/ Development of supernumerary subsidiary cells, o.nd 
c/ Two (seldom more) guard cell complexes developing in 
such a position that they become directly attached to 
to each other, generally at the poles. 
Most of the aberrations noted and illustrated by Drawert (1942) in 
T. viginica {sic.) have also been observed in T. pallidus, a few 
examples of tlhich are illustrated in Plate 9.J. Since these are 
thought to represent aberrations, as opposed to variations, they uill 
not be considered further here. 
\ Polypodium vulgare_ 
The pinnae of this species are hypostomatous and the stomata 
are of a phaneropore type lii th their longitudinal axes lying parallel 
to the secondary vascular tissue of the pinnae. The guard cells are 
between 4.5 and 7J pm long {x "' 64, 9) by 20 to 2.5 Jllll wide (x = 22, o) 
and are scattered randomly, but evenly, throughout the interfascicular 
epidermis {Plate 9.4A). 
The basic morphological form of the stomatal complex consists 
of a horseshoe-shaped subsidiary cell circumscribing the pole of the 
guard cell proximal to the main vein of the pinna, to enclose between 
one-half and three-quarters of the guard cell complex {Plate 9.4B). 
Exceptionally, this subsidiary cell may be represented by a pair of 
subsidiary cells (Plate 9.4B). Of equal abundance are stomatal 
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complexes with a pair of h.:;rseshoe~shaped subsidiary cells at the same 
pole of the complex, so arranged that only the inner one is in contact 
with the guard cells whilst the outer one partially surrounds the inner 
one (Plate 9.4c). Ve_ry occasionally there may be three polar 
subsidicry cells (Plate 9.4D). A very small percentage of stomatal 
complexes (<5~~) suggest that subsidiary cells of a different nature 
are present at the opposite pole of the guard cell complex to the 
normal subsidiary cells described above, They are manifest as the 
result of a cell division in the epidermal cell abutting onto this pole 
of the complex causing a straight-sided subsidiary cell to be formed 
against the complex (Plate 9.5B). A variant of this type also includes 
a neighbouring cell in the complex as well as the two types of subsidiary 
cell already described (Plate 9.5A). 
DEVELOPMENT OF THE STOMATAL COMPLEX 
-Tradescantia pallidus 
Isodiametric protodermal cells are cut off in linear files 
from the intercalary meristem located at the base of the leaf. Some 
of these protodermal cells subsequently assume meristematic activity 
and divide asymmetrically in a vertical plane at right angles to the 
leaf axis (Plate 9.6). The smaller distal product of this division 
becomes the stomatal meristemoid which is compressed baso-distally 
initially. The nucleus of a protodermal cell immediately laterad to 
the stomatal meristemoid migrates towards the meristemoid before 
undergoing an oblique asymmetrical division in a plane sub-parallel 
to the leaf axis, the smaller product of which becomes associated with 
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the stomatal meristemoid and eventW!.lly develops into a lateral 
~Ub3idiary cell (Plate 9.7A). The protodermal cell on the opposite 
side of the meristemoid unrlergoes a similar divisiou to give rise to 
the other lateral subsidiary cell. Shortly afterwards, the protodermal 
cells immediately distal and immediately proximal to the stomatal 
meristemoid undergo asymmetrical cell divisions in a vertical plane at 
right angles to the leaf axis and give rise to the polar subsidiary 
cells (Plate 9.7B). During the development of the subsidiary cells, 
the stomatal meristemoid is quiescent but elongates slightly prior to 
dividing symmetrically in a vertical plane parallel to the long axis 
of the leaf to form the pair of guard cells (Plate 9.7C). 
This sequence of developmental events is not pursued in any 
rigid order, although it generally follows the progression outlined 
above. In no case was it observed that the guard cells were formed 
before the differentiation of the lateral subsidiary cells. Stomatal 
differentiation is strictly gradate and proceeds acropetally so that all 
the stomata in a single transverse transect acrosn the epidermis are at 
a similar stage of development. Exceptionally, individual stomatal 
meristemoids may remain latent until adjacent stomatal development is 
complete before differentiating (Plate 9.8A). 
After the the guard-cell mother-cell divides to form the 
guard cells, the latter gradually become more rounded in cross-section 
and elongate. As they elongate, they bolr out laterally and 
eventually their common anticlinal cell walls separate mesially to 
form the stoma. The maturation of the guard cells is accompanied by 
progressive vacuolation during which the chloroplasts assume a parietal 
position (Plate 9.9). During epidermal ma.turation, the epidermal cells 
elongate whilst the lateral subsidiary cells become rather flattened 
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in a vertical longitudinal plane tt, accomodate the ·enlargement of the 
guard cella. 
The ontogeny of stomata in T. pallidus is summarised 
diagramatically in Fig. 9.1. All stages have been observed 
microscopically. Since the stomatal meristemoid undergoes only a 
single cell division to form the guard c_ells, it· is correct to refer 
to the meristemoid as the guard-cell mother-cell immediately on its 
inception from the protoderm. 
t"" -·· ----- ---- --
1 Polypodium vulgare 
Protodermal cells are cut of'f from the marginal meristem of 
circinately-folded pitmae in this species. Certain protodermal cells 
divide asymmetrically in an oblique plane at right angles to the 
secondary vascular tissue of the pinna to cut off a distal 
subspherical srr.aller product which becomes the stomatal rneristemoid. 
The meristemoid subsequently divides once or twice in an oblique plane 
at rlght angles to the secondary vascular tissue of the pinna to cut off 
one or two horseshoe-shaped subsidiary cells on the side distal to the 
leaf margin (Plate 9.10A & B). The divisions are such that the 
smaller product (stomatal rneristemoid/guard-cell mother-cell) is 
partially subtended by the larger product (subsidiary cell). 
Immediately following the formation of the subsidiary cells, the 
stomatal meristemoid undergoes a symmetrical division in a vertical 
plane parallel to the secondary vascular tissue of the pinna to give 
rise to the pair of guard cells (Plates 9.10C & 9.11). Occasionally, 
protodermal cells abutting onto the pole of the meristemoid, proximal 
to the leaf margin, become meristernatic after the formation of the 
subsidiary cell(s) outlined above. In these cases, the protodermal 
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cell divides in a vertical plane subparallel to the margin of the 
mP.ristemoid so that a resultant subsidiary cell becomes interposed 
between the neighbouring epidermal cell (its mother-cell) and the 
guard cells (Plate 9.12B). 
Stomatal differentiation proceeds basipetally from regions 
immediately behind the marginal meristem of the pinna in a non-gradate 
fashion so that, whilst the majority of stomatal meristemoids commence 
development immediately on inception from a protodermal cell, a 
considerable proportion remain latent until ad,jacent ones have fully 
differentiated, but not completely matured, before commencing 
development (Plate 9.11A). 
As the stomatal complex matures, it expands so that the 
subsidiary cell(s) and/or neighbouring cell(s) in contact Hith the 
guard cells pull back from their original relative position(s), where 
they partially subtend the gUD.rd cells.~ to lie adjacent to the poles 
of the guard cell complex. At the same time, the characteristic 
sinuosities of the anticlinal walls of the subsidiary cells (but not 
those walls abutting onto the guard cell complex) and the epidermal 
cells develop, and the stoma appears between the common anticlinal 
cell walls of the guard cells. 
These sequences of events a.re summarised diagramatically 
in Figs. 9.2 & 9.). All the stages illustrated have been observed 
with the exception of 9.2b, where the stomatal meristemoid is cut off 
from a protodermal cell. The stomatal meristemoid is readily 
distinguished from surrounding protodermal cells by its marginally 
smaller size, its more heavily-staining nucleus, and denser 
cytoplasm. The stomatal meristemoid is involved in either two or 
three (exceptionally four) divisions depending on whether it gives 
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rise to one, two (or three :1 polar s·...tbsidiary cells. The meristemoid, 
therefore, does not become a guard-cell mother-cell. until after it has 
cut off its subsidiary cell(s) prior to its final division which results 
in the formation of a.pair of gua~ cells. 
DEVELOPMENT OF SUBSTOMATAL CHAMBERS 
Tradescantia pallidus 
In this species, it appears that a break in the mcsophyll 
forms Th~turally as a result of developmental events in the epidermis. 
Protodermal cells become associated tlith protomesophyll- cells lying 
immediately below and, as the cells of the stomatal complex develop, 
they become interposed into existing protodermal tissue whl.ch l.s thus 
displaced along with the underlying mesophyll tl.ssue to form a natural 
gap in the mature mesophyll (Fig. 9.4). 
illustrated in Plate S.6A. 
i Polypodium vulgare 
I 
This natural break is 
The mode of development of substornatal chambers in the 
mesophyll in P. vulgare is rather debateable, The mesophyll tissue 
of mature fronds is aerenchymatous with lateral processes from adjacent 
cells leaving large air passages between the cells of the tissue 
(Plate 5.2). This structure could well preclude the necessity for 
special breaks to form in the mesophyll immediately below the stomata 
(Fig. 9.4). However, examination of very young epidermal strips 
from circinately-folded pinnae show that a small proportion of the 
developing stomata have, what appear to be, small atrophying mesophyll 
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cells loosely attached to t~e inner face of the stomata. This feature 
t~aa also noted in a number of othei.·.-fer.n species and is particularly 
prevalent in the related fern, Phyllitis scolopendrium, (Plate 9.1J). 
In this species, it appear.s probable that mesophyll cells immediately 
below young stomata atrophy under the influence of the developing 
stomata so that naturally-induced breaks occur in the substomatal 
position of the mature mesophyll (Fig. 9.4). 
I DISCUSSION 
Morphology of stomatal complexes 
·-
The stom~tal complex of Tradescantia pallidus does not 
appear to have been described previously although it is very simHar 
to that of its congeners which have been documented by Strasburger 
(1867), Campbell (1881), Benecke (1892), Drawert (1942),. and 
Tomlinson (1969). The basic morphological form, as illustrated in 
Plate 9.2A, is typical of the genus and is tetracytic (~letcalfe, 1961). 
The abundance of complexes with only lateral subsidiary cells 
* (Plate 9.2B) is significant so that the dicytic form must be 
ve§arded as a variant rather than an aberration (a condition found in 
the related genera Cuthbertia and Triceratella, Tomlinson, 1966). 
All other stomatal patterns observed in this species are considered 
* This self-explanatory form is used here for the first time since the 
only reference to this morphological form in the literature is that of 
Prat (1960) who described it as 'stomates quadricellQlaires'. 
Compound terminology, which includes ontogenetic expressions, refer to 
this type of stomata as 'biperigenous' (Rant, 1965) and 'diperigenous' 
(Van Cotthem in }'ryns-Claessens & Van Cotthem, 197J). 
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to be aberrant and, therefore, not worthy of nomenclatural identity. 
The morphological forms found in the stomatal complex of 
Folypodium vulgare have baen descri:bed by Reuter (1942) and later 
workers. The two basic forms, as illustrated in Plates 9.4B and 9.4c, 
have been described as eupolocytic and copolocytic (Van Cotthem, 1970) 
depending on whether they have one or two polar .subsidiary cells, 
respectively. The condition where there a1~ three polar subsidiary 
cens (Plate 9.4D) has not been recorded before in the literature and, 
if a special terminology is required, it is proposed to term them 
polypolocytic. 
'l'he new stoma tal types observed in P. vulgare (Plate 9. 5) 
raise a nornenclatural problem since there are no terms available to 
cover the morphological types produced by the mesoperigenous development--'1.1 
pa thtrays described. It seems advisable to retain the poloc~Lic 
expression, which is the common morphological t~ found in this species, 
and to couple it to the anisocytic tYJle to give the compound 
morphological expression, aniso-polocytic. It is hoped that this 
morphological expression adequately portrays the unequalness of the 
two types of subsidia17 cells Hhilst emphasising their polarity. 
There is little point in complicating the expression with the prefixes, 
eu-, eo-, or poly-, to denote the number of mesogene subsidiary cells 
present. 
1
-Ontogeny of stomatal complexes 
During the present study it became clear that subsidiary 
and neighbouring cells are treated synonymously by Pant (1965) and 
subsequent uorkers in their interpretations of perigenous and 
mesoperigenous stomatal types. Howeve~ his definition of mesogenous 
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stomata is such that the ceJ.ls surrounding the guard cells must be 
derived from the stomatal meri~temoid and therefore, whilst including 
subsidiary cells, neighbouring cells are mutually eY.cluded. This 
failure to differentiate between the respective roles played by 
subsidia~y and neighbouring cells in the perigenous and mesoperigenous 
modes of development results in a biassed classification. As a 
consequence, it is impossible to identify which types of cells are 
present in perigenous and mesoperigenous stomatal complexes from the 
terminology alone, and it becomes necessary to refer back to original 
descriptions in the literature or else resort to the microscope and 
developing epidermes. 
Ontogenetic studies of the stomatal complex are concerned 
with the development of the component cells, as present in mature 
complexes, from protodermal origins. The most important cells, 
therefore, are those which are derived de novo from meristematic 
protodermal cells (i.e. meristemoids), and not those derived directly 
from the leaf meristem. These are the guard and subsidiary cells. 
Neighbouring cells do not fit into this category since they are no more 
than undifferentiated protodermal cells and direct products of the 
leaf meristem which, by accident, happen to be in contact with the 
guard-cell mother-cell and which eventually mature in juxtaposition to 
the guard cell complex. Neighbouring cells are clearly not directly 
involved in stomatal development but do contribute to the morphology 
of the mature stomatal complex. It appears unreasonable to afford 
them the same status as subsidiary cells when discussing developmental 
events. This basic difference between subsidiary and neighbouring 
cells unfortunately does not seem to have been considered relevant in 
standard ontogenetic nomenclature. This, in itself, is rather 
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suprising since the etymology of the expressions used bears strong 
cor.notat.ions of cell inceptioll (the base genous is derived from the 
G).-eek for 1 offspring 1 ). In its current useage, both neighbouring and 
subsidiary cells are included in the perigene and mesoperigene 
conditions whilst only subsidiary cells are included in the mesogene 
condition. 
The anomalous situation which exists at present needs to be 
rationalised so that the terminology is more meaningful and summarises 
ontogenetic events more accurately. This can be quite easily 
accomplished by re-defining and restricting the basic ontogenetic 
classes to include only those events pertaining to the development of 
the subsidiary cells • 
. Proposed new ontogenetic classification of stomatal types 
The proposed restricted defi.ni tions of the l:a.sic ontogenetic 
categories are as follows: 
Mesogenous. Stomatal complexes in which the guard cells are only in 
contact with one or more subsidiary cells derived from the stomatal 
meristemoid. 
Perigenous. Stomatal complexes in which the guard cells are only in 
contact with one or more subsidiary cells derived from one or more 
subsidiary meristemoids. 
Mesoperigenous. Stomatal complexes in which the guard cells are only 
in contact with subsidiary cells which are derived from both the 
stomatal meristemoid and the subsidiary meristemoid(s). 
To these basic classes, it is necessary to add a fourth one 
to accomodate those stomatal complexes t1hich are devoid of subsidiary 
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cells ( = aparigenous type of Fryns-Clnessens & Van Cot them, 1973). It 
is proposed to refer to such ~omplexes as agenous (from the Greek for 
'nithout' + 'offspring'). It is defined asi 
Ag_enous. Stomatal complexes in which the guard cells are only in 
contact with neighbouring cells. 
The basic ontogenetic categories, as defined above, clearly 
indicate the origin of the subsidiary cells involved but fail to 
identify the presence of neighbouring cells which also may be in 
contact with the guard cells of the mature complex, except in the case 
of the agenous group. To remedy this, it is proposed to attach the 
Greek prefixes, ~- (= whole), and ~- (= half) to the three ~~sic 
ontogenetic categories llhich are associated with subsidia.ry cells. 
The prefixes will be indicative of whether the guard cell complex is 
completely surrounded by subsidiary cells or whether it is surrounded 
by a mixture of subsidiary and neighbouring cells, respectively, 
The result of the present proposals is the erection of seven 
new ontogenetic classes to replace the three of Pant (1965). The two 
classifications are compared with each other in Table 9.1. The 
different devel6pmental pathways involved in the formation of the 
various ontogenetic classes proposed in the new classification and 
that of Pant (op. cit.) are represented diagramatically in Figs. 9.5 
and 9.6. 
The proposed ne~1 ontogenetic ea tegories are defined as 
follows~· 
Agenous. Guard cells completely surrounded and contacted by 
undifferentiated neighbouring cells. (Fig. 9.7a). 
Hemiperigenous. Guard cells partly surrounded and contacted by 
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CoinlJ?.rison of the proposed new ontogenetic classification with that 
of Pant (1965). 
Fant's terminology Proposed new terminology 
Perigenous Agenous 
Hemiperigenous 
Euperigenous I 
Hesoperigenous Hemimesoperigenous 
Eumesoperigenous 
Hemimesogenous 
}lesogcnous F~umesogenous 
subsidiary cell(s) derived from subsidiary meristemoid(s) and partly 
by undifferentiated neighbouring cell(s). (Fig. 9.7b) 
Euperigenous. Guard cells completely surrounded and contacted by 
subsidiary cell(s) derived from subsidiary meristemoid(s). 
(Fig. 9.7c) 
Hemimesogenous. Guard cells partly surrounded ~nd contacted by 
subsidiary cell(s) derived from the stomatal meristemoid, and :Partly 
by undifferentiated neighbouring cell(s). (Fig. 9. 7d) 
Eumesogenous. Guard cells completely surrounded and contacted by 
subsidiary cell(s) derived frorr. the stomatal meristemoid. 
(Fig. 9. 7e). 
202 
Hemimesoperigenous. Guard cells )?3:rtly surrounded and contacted by 
subsidiary cell(s) derived froni the stomatal meristemoid, partly by 
subsidiary cell(s) derived from subsidiary meristemoid(s), and partly 
by undifferentiated-neighbouring cells, (Fig. 9.7f). 
Eumesoperigenous. Guard cells ]?3:rtly surrounded and contacted. by 
subsidiary cell(s) derived from the stomatal meristemoid, and ]?3:rtly 
by subsidiPxy cell(s) derived from subsidiary meristemoid(s). 
(Fig. 9. 7g). 
The only category of Pant (1965) which is not modified in 
the new classification is his mesogene class which now becomes the 
eumesogenous class. The inclusion of both perigene subsidiary cells 
and neighbouring cells in his perigenous and mesoperigenous classes 
results in the fragmentation of these classes in the new classification. 
Accordingly, both of Pant's categories have had their perigene elements 
(sensu la to) divided into three netl classes, one of which contains 
only perigene subsidiary cells (sensu stricta), the second of which 
contains both perigene subsidiary cells and neighbouring cells 
(perigenous, sensu lato in partem~ and the third of which contains only 
neighbouring cells (perigenous, sensu lata in partem). 
The new classification has been incorporated into that of 
Fryns-Claessens & Van Cotthem (1973), which uses a compound 
terminology containing expressions of both morphological form and 
ontogenetic type, in Table 9.2. Besides modifications to the 
ontogenetic element of the terminology, the only other changes involve 
the partitioning of their tetraperigenous class into two new 
categories (tetra-euperigenous and tetra-hemiperigenous), and the 
erection of two new classes (aniso-polo-hemimesoperigenous and 
aniso-polo-eumesoperigenous). The latter two classes are not 
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'l'able 9 • 2. 
Modified classification of stomatal tyres. 
{after Fryns-Claesser.s and Van Cotthem, 1973) 
Original terminology Hodified terminology. 
Aperigenous ; Agenous 
1-lonoperigenous Mono-hemiperigenous 
Diperigenous ' Di-hemiperigenous 
Tetra-hemiperigenous 
Tetraperigenous ·· 
•retra-euperigenous 
Hexaperigenous Hexa-euperigenous 
Polyperigenous Poly-euperigenous 
· Anomo•mesoperigenous Anomo-hemime~ogenoils 
Dia-mesoperigertous Dia-hemir.Jesogenous 
Hemi-pa.rn-mesoperigenous Hemi-para-hemimesogenous 
Eupolo-mesoperigenous Eupolo-hemimesogehous 
Copolo-mesoperigenous ·Copolo-hemimesogenous 
Aniso-mesoperigenous Aniso-hemimesogeno«s 
Stauro-mesoperigenou~ Stauro-hemimesogenous · 
Para-mesoperigenous Para-hemimesogenous 
Cyclo-mesoperigenous Cyclo-eumesoperigenous 
Aniso-polo-eumesoperigenous 
Aniso-polo-hemimesoperigenous 
Desmo-mesogenous Desmo-eumesogenous 
Euperi~mesogenous Euperi-eumesogenous 
Coperi-mesogenous Coperi-eumesogenous 
Duploperi-mesogenous Duploperi-eumesogenous 
Dia•mesogenous Din-eumesogenous 
Para-mesogenous Para-eumesogenous 
Cyclo-mesogenous , , Cyclo-eumesogenous 
Allelo-mesogenous Allelo-eumesogenous 
Aniso-mesogenous Aniso-eumesogenous 
Hel'ico-mesogenous Helico-eumesogenous 
Tetra-mesogenous Tetra-eumesogenous 
2o4 
. 
represented_in their classification; indeed the hemimesoperigenous 
ontogenetic type does not appear to have been reported on in the 
literature before. Bot.h types came to light during the ontogenetic 
studies in l'olypodium vulgare (vide infra). 
;Ontogene_tic _types in Tradescantia & Polypodium 
Two basic morphological types of stomatal complexes have 
been identified in Tradescantia palliduG; tetracytic and dicytic 
(vide supra, and Plate 9.2). From the ontogenetic studies in this 
species,. it is clear that the subsidiary cells arise from subsidiary 
meristemoids and not the stomatal meristemoid (Fig. 9.1). In the 
tetracytic type, the guard cell complex is completely surrounded and 
contacted by the subsidiary cells and, therefore, it cart be classed as 
an euper:i.genous ontogenetic type or, to give it its full compound 
terminology (Table 9.2), tetra-euperigenous, In the dicytic type, 
neighbouring cells abut onto the poles of the guard cell complex r:hich 
is also bordered laterally by subsidiary cells. 'fhey are, therefore, 
of a hemiperigenous type or, to give them their full terminology, 
di-hemiperigenous. 
Poly;poditim vulgare also has two basic morphological types 
of stomatal complex; eupolocytic and copolocytic (vide supra, and 
Plate 9.4B & C). The horseshoe-shaped subsidiary cell(s) in these 
types are mesogenous since they arise from the stomatal meristemoid 
(Fig. 9.2). The guard cell complexes of these types are also contacted 
by undifferentiated neighbouring cells, which makes them hemimesogenous 
ontogenetic types or, to give them their full compound terminology. 
(Table 9.2), eupolo-, or copolo-hemimesogenous types, 'l'he existence 
of a polypolo-hemimesogenous type (Plate 9.4D) is reported on here for 
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the first time. 
In addition.to the basic ontogenetic types of stomatal 
coniplex in P. vulgare, identified in the preceding paragraph, t~1o 
completely f!ew morphological types (Plate 9.5, and Fig. 9.3) have been 
fow1d in this species which arise from different ontogenetic pathways. 
Besides the usual mesogenous subsidiary cells, they also have 
perigenous subsidiary cells at the opposite pole of the complex. In 
one case, the guard cell complex is contacted_by both types of 
i . 
I 
subsidiary cell and a neighbouring cell \(Plate· 9.5A) derived by a 
\ 
hemimesoperigenous ontogenetic pathway. 'They are, therefore, 
' \ 
antso-polo-hemimesoperigenous types (Table .. 9.2). In the other case, 
_____ _.. 
.the .guard cell complex is contacted by both mesogene and perigene 
subsidiary cell elements only (Plate 9.5B), and are thus of an 
eumesoperigenous type or, aniso-'polo-eumesoperigenous, to give them 
their full compound terminology (Table 9. 2). 
i Relevance of the new ontogenetic classification 
' . 
The importance of this neH ontogenetic classification is to 
remove an inherent bias in the existing terminology which fails to 
differentiate betHeen the ontogenetic significance of perigene 
subsidiary cells and the purely structural significance of neighbouring 
cells. Fayne (1970) recognised a basic difference between these two 
types of cells but did not pursue the matter further. This 
observation by Payne was not followed up by Fryns-Claessens and 
Van Cotthem (1973) who, whilst accepting the position of perigene 
. subsidiary cells (op. cit., p. 77), failed to recognise their ontogenetic 
significance and continued to group them together with neighbouring 
cells in their revised classification. It is, perhaps, this unequal 
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weighting in the classification which prompted PaUwal (1969) to devise 
a special nomenclature for monocotyledon stomatal development 1qhich, he 
claims, is Harranted by virtue of their specialised type of development. 
Although he fails to specify which aspect of monocotyledon development 
is of a specialised type, there are good grounds for supporting his 
contentions. 
The vast majority of dicotyledons with subsidiary cells 
fall into Pant's mesogenous and mesoperigenous categories. This 
effectively means that all dicotyledons with both subsidiary and 
neighbourine cens in contact with the guard cell complex are 
mesoperigenous (except for the very fe~1 species classified as 
cyclo-mesoperigenous by Fryns-Claessens and Van Cotthem, 1973, = 
cyclo-eumesoperigenous in present classification), and all those whose 
guard cells are completely surrounded by subsidiary cells are 
mesogenous. Thus in the dicotyledons a distinction, albeit 
inadvertent, is dra~m between subsidiar;y:_~-~d neighbouring cells. The 
majority of monocotyledons, however., fall into Pant's perigenous class 
where no such distinction can be drawn. Paliwal 1(op. cit.) appears to 
I 
have recognised this inconsistency but then compficates the issue by 
/ 
proposing that perigene subsidiary cells are not ontogenetically 
related to the guard cells but do have a special structural relationship 
with them. \~hilst recognising that there is a distinction between 
perigene and mesogene subsidiary cells, the former do have more than 
just a structural affinity to the guard cells and must be afforded at 
least an indirect ontogenetic relationship. To relegate perigene 
subsidiary cells to a specialised structural relationship is tantamount 
to recognising these cells as little more than neighbouring cells, 
which is clearly unacceptable. 
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It is worth noting that Fryns-Claessens and Van Cotthem 
(197J) were possibly correct in asserting in their description of 
parigenous stomata (quoted in the introduction to this chapter) that 
the 'surrounding cells were generally neighbouring cells rather than 
subsid5biY cells since they included the new agenous group in their 
perigenous class. However with the removal of agenous types from the 
perigenous groups in the present classification, the surrounding cells 
are usually subsidiary cells and only rarely neighbouring cells. The 
new ager.ous class contains all stomatal complexes which are not 
associated with subsidiary cells. Fryns-Claessens and Van Cotthem 
{op. cit.) referred to such stomata as 'aperigenous' which, strictly 
speaking, is indicative of these complexes lacking perigene 
subsidiary cells, but it would be just as correct to refer to them 
as 'amesogenous' in that they also lack mesogene subsidiary cells. 
Since these stomata lack both types of subsidiary cell, and since the 
basic terms must relate to the mode of development of subsidiary cells, 
it is considered that the proposed term, agenous, is preferable, No 
reason can be found 1-1hy the agenous class should be retained in the 
perigenous group. 
r --
1 Unresolved problems 
' 
As Baranova (197.5) points out, "it is desirable to avoid 
changes in accepted nomenclature until the classification of stomata 
is completed". The classification proposed here is based on accepted 
terminologies but lacks the ambiguities of previous schemes in that 
it clearly differentiates between both types of subsidiary cells and 
neighbouring cells. It is believed that the new classification is 
completely explicit and accurately portrays the involvement of the 
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component cells found in developing and mature stomatal complexes. 
The net~ scheme has proved viable for a tride range of 
stomatal types and plant species, and the only problem encountered 
has been the exact definition of the term 'subsidiary cell'. A 
classical definition of subsidiary cells is given by Esau (1965, 
p. 138) as "two or more • • • cells adjacent to the guard cell~ 
(which) appear to be associated functionally with them and (which) are 
morphologically distinct from the other epidermal cells". As 
Tomlinson (1974) points out, the functional aspect is largely an 
assumed one. Nost modern workers, however, emphasise the point in 
their definitions that subsidiary cells bear some developmental 
relationship to guard cells (Pant, 1965; Payne, 1970). Ignoring the 
functional characteristics of subsidiary cells, it Has anticipated that 
the definition of subsidiary cells, as given in the glossary, uould 
adequately cover these morphologically-distinct and developmentally-
related cells in all types of st~matal complexes. Unfortunately this 
does not appear to be so; Commelina spp. h'lve a very distinct stomatal 
complex t~ith two pairs of lateral subsidiary cells and a p3.i.r of polar 
subsidiary cells which, judging from the physiological studies carried 
out on this genus (Penny & Bowling, 1974, etc.); are functionally 
implicated in the stomatal mechanism. However, Tomlinson (1966) 
indicates· that the outer lateral subsidiary cells are not true 
subsidiary cells according to the. definition in the main glossary. 
Usually trhen a subsidiary meristemoid (and a stomatal meristemoid, for 
that matter) divides to form a subsidiary cell, only~ of the products 
becomes a subsidiary cell whilst the other reverts to the role of an 
epidermal cell (or guard-cell mother..,cell, or stomatal meristemoid). 
In the case of Commelina, both products of the lateral subsidiary 
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meristemoids become subsidiary cells, Whether this genus is exceptional 
in this respect is net knmm, althoueh the closely related genus 
Geogenanthus, which is also hexacyclic, has true out&r lateral 
subsidiary cells (Tomlinson, 1966). Besides complicating the 
formulation of an accurate definition for subsidiary cells, it also 
raises another important question. If both products of meristemoids 
are to be referred to as subsidiary cells, many species will then have 
'subsidiary cells' which are morphologically indistinguishable from 
ordinary epidermal cells. ~lore seriously, this interpretation would 
invalidate present ontogenetic classifications. As Fryns-Claessens 
and Van Cotthem (1973) point out, in connection with another argument, 
the larger product of the protodermal cell which gives rise to the 
stomatal meristemoid would technically become a mesogene subsidiary 
cell. Such an interpretation would mean that all stomatal complexes 
would have a mesogene element which, in the case of euperigenous types, 
would be situated outside the perigene subsidiary cells encircling the 
stomata and ~muld be indistinguishable from other epidermal cells, 
There could be no agenous, euperigenous, or hemiperigenous classes. 
It is, perhaps, better to accept the definition of 
subsidiary cells, as given in the glossary,, but it is essential to 
remember that there are exceptions. In the present state of 
knowledge, it seems advisable to exclude functional criteria from any 
definition, since it may treU be that not all subsidiary cells have a 
functional significance, whilst some epidermal neighbouring cells may 
well have in the agenous category, at least. 
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Fig. 9.1. 
Ontogeny of the stomatal comulex in Tradescantia pallidus. 
A diagrammatic representation of the ontogenetic sequences involved in 
the formation, of the euperigenous stomatal complex. The stomatal 
meristemoid, guard-cell mother-cell, and guard celis are cross-hatched, 
whilst the perigene subsidiary cells are single-hatched. Mitotic 
figures indicate cell division. 
a. Protodermal tissue. 
b. Protodermal cell assum:img meristematic activity and 
cutting off the stomatal meristemoid. 
c. Protodermal cell immediately laterad to the stomatal 
meristemoid assuming meristematic activity (i.e.- becoming a subsidiary 
meristemoid), and cutting off a lateral subsidiary cell. 
d. Protodermal cells immediately distal and basal to the 
stomatal meristemoid assuming meristematic activity (i.e. becoming 
subsidiary meristemoid), and cutting off polar subsidiary cells. 
e. Guard-cell mother-cell dividing to form guard cells. 
f. Immature Gtomatal complex prior to the formation of 
the stoma. 
g. Mature euperigenous stomatal complex. 
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Fig. 9.2. 
Ontogeny of the stomatal complex in Polypodium vulgare, I. 
A diagrammatic representation of the ontogenetic sequences involved in 
the formation of hemimesogenous stomatal complexes, The stoma tal 
meristemoid, guard-cell mother-cell and guard cells are cross-
hatched, whilst the mesogenous subsidiary cells are single-lm.tched. 
Mitotic figures indicate cell division. 
a. Protodermal tissue 
b. Protodermal cell assuming meristematic activity and 
cutting off the stomatal meristemoid. 
c. Stomatal meristemoid dividing to form the mesogene 
subsidiary cell. 
d. Second division of the stomatal meristemoid to form a 
second mesogene subsidiary cell. 
e. Guard-cell mother-cell dividing to form the guard cells 
in copolocytic complex. 
e' Guard cell mother-cell dividing to form the guard cells 
in eupolocytic complex. ; 
f. Immature copolocytic stomatal complex .prior to 
formation of the stoma. 
f' Immature eupolocytic stomatal complex prior to 
formation of the stoma. 
g. Ha.ture copolocytic hell)imesogenous stomatal complex. 
g' Nature eupolocytic hemimesogenous stomatal complex. 
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Fi'g. 9.3. 
~. 
Ontogeny of the stomatal complex in Poluodium vul:gare, II. 
Diagramrr.a.tic representation of the sequences involved in the ontogeny of 
hemj,mesoperigenous (left hand side). and eumesoperigenous (right hand 
· side} stomatal complexes. The stomatal and subsidiary meristemoids 
are stippled, the mesogenous subsidiary cells cross-hatched, and the 
perigenous subsidiary.cells single-hatched. Mitotic· figures indicate 
cell division. 
a. Stomatal meristemoid dividing to form a polar mesogenous 
subsidiary cell.· 
b. Neighbouring protodermal cell assuming meristematic 
activity as a subsidiary cell to form a perigene subsidiary cell. 
Guard-cell mother-cell dividing to form guard cells. 
c. Immature hemimesoperigenous (left hand side) and 
eumesoperigenous (right hand side) complexes prior to formation of the 
stomata. 
d. Mature hemimesoperigenous (left hand side) and 
eumesoperigenous (right hand side) stomatal complexes. 
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Fig. 9/J.. 
_!?evelopment of substomatal chambers. 
Diagrammatic sequences of substor,Ja tal chamber dE:velopment in 
Polypodium vulgare (top), Phyllitis scolopendrium (centre), and 
Tradescantia pallidus (bottom). Guard-cell mother-cell and guard cells 
are shaded solid, subsidiary cells stippled, protodermal/epidermal cells 
unshaded, and protomesophyll/mesophyll cells cross-hatched. 
l. ·Protodermal tissue. 
2. Mesogenous subsidiary cell development (P. vulgare, and 
Ph. scolopendri urn only). Protomesophyll cell below stoma tal. complex 
of Ph. scolopendrium starting to atrophy. P. VQlgare protomesophyll 
becoming extended and aerenchymatous as the epidermis expa.nds. 
J. Perigenous subsidiary cell development (T. p;llidus 
only) indicating how the underlying mesophyll is separateC. below the 
stomatal complex as the subsidiary cells become interposed into the 
epidermal tissue. Abortion of mesophyll cell attached to the 
underside of the stomatal complex in Ph. scolopendrium almost complete. 
1+, Mature tissues showing the resulta.n't substomatal 
chambers. 
snPJued ".l 
Fig. 9.5. 
Ontogenetic derivation of cells of stomatal complex, I, 
Derivation of the basic ontogenetic types of stomatal complex, 
according to Pant (1965). 
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------DEVELOPMENTAl SEQUENCE-----. ONTOGENETIC TYPE 
~Mesogene subsidiary cell ...,...---___;;,"'---~ MESOGENOUS 
Protoderm 11> Stomatal meristemoid e:r Guard cell ..,;;;;..--.....,....----~ MESOPERIGENOUS 
LPerigene subsidiary and/or neighbouring cells .::;;, ____ _._........,-~» PERIGENOUS 
ONTOGENETIC PATHWAYS. OF PANT (1965) · 
Fig. 9.6. 
Ontogenetic derivation· of cells of stomatal complex, II. 
Derivation of the basic ontogenetic types of stomatal complex, 
according to the proposed new classification, 
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DEVELOPMENTAL SEQUENCE------, ONTOGENETIC TYPE 
AGE NO US 
! Subsidiary ·----I.,~Perigene subsidiary cell ..,.....---.....,£--1-~ EUPERIGENOUS meristemoid HEMIPERIGENOUS Protoderm .., Stomatal meristemoid _ ..... .,.,Guard cell A~~~~:;:--~ 
LMesogene 
EUMESOPERIGENOUS 
HEMIMESOPERIGENOUS 
EUMESOGENOUS 
PROPOSED ONTOGENETIC PATHWAYS 
. F'ig. 9-Z· 
Ontogenetic derivation of cells of stomatal complex, Ill. 
Derivation of the basic ontogenetic t:;.-pes of stomatal complex, 
according to the proposed new classification. Neighbouring cells 
are stippled, n\esogenous subsidiary cells cross-hatched, and perigenous 
subsidiary cells single-hatched. The arrows associated with the 
individuai subsidiary cells indicate·thcir source and direction of 
derivation. 
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Plate 9.1. 
Epidermes of Tradescantia pallidus. 
Light micrograph of unstained tissue, x 70. 
A. Adaxial epidermis. Note how the stomata are 
restricted to the suprafascicular tissue. 
B. Abaxial epidermis. Note ho~1 the stomata are 
restricted to the interfascicular region. 
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Plate 9.2. 
~lorphological forms of' the stomatal complex in Tradescantia pallidus, I. 
Light micrographs of unstained tissue, x 350 • 
. p polar subsidjary cell, 1 = lateral subsidiary cell, and 
n = neighbouring cell. 
A. Normal tetracytic form. 
B. Normal dicy.tic form resulting from the failure of the 
polar subsidiary cells to develop. 
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Plate 9.3. 
Morphological forms of the stomatal complex in T-.cadescantia·pallidus, II. 
Light micrograph3 of unstained tis'sue, x 350 
p polar subsidiary cell, 1 = lateral subsidiary cell, and 
n = neighbouring cell. 
A. Aberrant tricytic form in which one of the polar 
subsidiary cells has failed to develop. 
B. Aberrant monocytic form in which only one subsidiary 
cell (lateral) has developed. The nucleus of the right hand side 
neighbouring cell is particularly interesting in this example since it 
appears to be associated with the polar regions of the guard cells in 
some way. During this investigation, it was not uncommon to find 
nuclei of protodermal cells, in Tradescantia spp., being shared by 
ad'jacent cells, presumably via some fistula in the cell wall. 
C. Aberrant stomatal complex with supernumerarJ 
subsidiary cells; a pair of lateral subsidia.ry cells are present on 
one side of the complex. 
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Plate 2.11-. 
Horpholog:y of the epidermis and stomatal complex in Pcly:podium vulgare. 
A. Light micrograph of tms'tained abaxial epidermis, x 75. 
/ 
The arrow indicates the orientation of the tissue in respect of the 
leaf margin. The stomata are randomly distributed throughout the 
epidermis but not on the suprafascicular tissue, Bicelled trichomes 
(T) are scattered over the abaxial epidermis. 
B. Light micrograph of tmstained eupolocytic stoma tal 
complex, x 250. The loHer stom:ttal complex is typical with a single 
horseshoe-shaped mesogene subsidiary cell (m). The upper stomata:! 
complex is of the same morphological type except that the mesogene 
subsidio.ry cell has divided into tHo (ma and ~) after it had been cut 
off from the stomatal meristemoid. 
C. Light mj_crograph of tmstained copolocytic stomatal 
complex, x 350. The complex illustrated has tHo mesogene horseshoe-
shaped subsidiary cells. The outer one {m1) Ha.s cut off from the 
stomatal meristemoid before the inner one {m2). 
D. Light micrograph of tmstained polypolocytic stomatal 
complex, x 325. A previously tmrecorded type which has three 
horseshoe-shaped mesogene subsidiary cells. The outermost 
one {~) was cut off from the stomatal meristemoid first, follo~JCd by 
the middle one (m2), whilst the. inner one (~) Has cut off last. 
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Plate 9,_5, 
New stomatal trpes found in Polypodium vulgare. 
Light micrographs of unstained aniso-polocytic stomatal complexes, 
X J25. 
m = mesogene subsidiary cell, p = perigene subsidiary cell, and 
n = neighbouring cell. 
A. A hemimesoperigenous type in which the guard cell complex 
is in contact with a mesogene subsidiary ·cell, a perigene subsidiary 
cell and a neighbouring cell. 
B. An eumesoperigenous type in which the guard cell is 
surrounded by a mesogene and a perigene subsidiary cell. 
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Plate 9.6. 
Stomatal ontogeny in Tradescantia ps.llidus, I. 
Light micrographs of acetic orcein-stained epidermes, x 650. 
A.Protodermal tissue with newly-formed stomatal meristemoids 
(arrowed) .• 
B. Protodermal tissue showing a protodermal cell in anaphase 
during stomatal meristemoid formation. Note the migration of the 
nucleus in the protodermal ceill inunedately laterad to the mitotic 
figure as it becomes meristematieally ~ctive prior to dividing to form 
a lateral subsidiary cell. 
C. Protodermal tissue illustrating the asymmetrical nature 
of the cell division which gives rise to the stomatal meristemoid. 
The stomatal meristemoid develops from the smaller, distal product 
(arrowed element of the late anaphase mitotic figure) 
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Plate 9.7. 
Storna.tal ontogeny in Tradescantia ;pallidus, II. 
Light micrographs of acetic orcein-stained epidermes, x 650. 
A. Lateral subsidiary'cen formation. ~'he lmwr lateral 
subsidiary ceiJ:l is already formed and the new cell Hall nearing 
completion. The upper latera.l subsidiary cell is in the :process of 
formation as the subsidiary meristemoid divides. The mi~otic figure 
is in telophase and the equatorial plate is clearly visible. 
B. Polar subsidiary cell for1~tion. The right hand polar 
subsidiary cell is already formed, although its nucleus has been lost. 
The other polar subsidiary cell is in the process of formation and is at -< 
a late anaphase stage. 
c. Guard cell formation. The young complex has three 
subsidiary cell developed already and the guard-cell mother-cen is in 
the process of dividing to form the pair of guard cells, 
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Plate 9.8. 
Stomatal ontogeny in Tradescantia pallidus, III. 
Llght micrographs of acetic orcein-stained epidermes, x 650. 
A. Delayed stomatal development in submature epide:r-mis. 
The lateral subsidiary cells are in the process of being formed, 
B. Aberrant stom~tal development. The comp1.ex is 
developing supernumerary subsidiary cells, There are two polar 
subsidiary cells on the right hand side; one being. in late anaphase. 
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Plate 9.9. 
f!i2ma:bl.l onto.£_eny in •rradescantia ;pallidus, IV. 
Light micrographs of acetic orcein-stained epidermes, x 650. 
A. Stom.:•tal complex just after the division of the 
guard-cell mother-cell to produce the guard cells. 
B, & C. Stages in the maturation of the guard cell 
complex. In B, the guard cell volume is increasing as vacuolation 
starts to take place and the guard cell:s begin to bow out into the 
lateral subsidiary cells. In C, vacuolation is well advanceJ anci 
stoma formation has been ini t:i.ated. The ~ate~'S.l subsidi.ai.·y cells can 
be seen to be distorted by the enlarging gua.r.d cell complex. 
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Plate 9.10. 
Stomatal ontogeny in Polypodium vulgare, I. 
Light micrographs of acetic orcein-stained epidermes, x 1 150 
(oil immersion). 
A. Young developing complexes after the stomatal 
meristemoid has cut off a single mesogene subsidiary cell. 
B. Young developing complex after the stomatal 
meristemoid has cut off two mesogene subsidiary cells. 
c. Young eupolocytic stomatal complex with the guard-cell 
mother-cell dividing to form the guard cells. 
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Plate 9.11. 
Stomatal ontogeny in ?vlypodium vulgare, II. 
Light micrographs of guard cell development in acetic 0rcein-stained 
epidermes, x 1 000. (oil immersion) 
A. Guard-cell mother-cell in metaphase, 
B. Guard-cell mother-cell in telophase with the 
equatorial plate clearly visible. 
C. Young guard cell complex with the common anticlinal 
~1alls just beginning to form. 
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Plate 9.12. 
Stomatal ontogeny in Polypodium vulgare, Ill. 
Subsidiary cell formation. Light micrographs of acetic orcein-
stained epidermes, x 900, (oil immersion). 
A. Stomatal meristemoid dividing to form a mesogene 
subsidiary cell. 
D. Subsidiary meristemoid dividing to form a perigene 
subsidiary cell, 
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Plate 9.1J. 
Substomatal chamber formation in Phylli tis scolopendrillll!• 
Light micrographs of unstained epidermes, x 1 000. The left hand 
micrographs are focussed on the face of the developing guard cell 
complex, 1~hilst those on the right hand side are focussed on the body 
of the atrophying protomesophyll cell. 
A. Very young stomatal complex before the guard-cell 
mother-cell has divided shmline the aborting protomesophyll cell 
associated with the inner face of the stomatal complex. The rugosities 
of the protomesophyll cell are ·largely caused by plastid inclusions. 
B. A more mature complex with its associated atrophying 
protomesophyll cell. 
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f CHAPTER 10 . 
: THE MORPHOGENESIS 
OF SUBSTOMATAL STRUCTURES 
INTRODUCTION 
Immature epidermes of Polypodium vulgare and Tradescantia 
spp. ~rere stained ~Iith 7,5% (~r/v) cobaltinitrite solution, as detailed 
in Chapter 2, in order to determine the morphogenetic sequences ~rhich 
lead to the mature substomatal structures. The histochemical findings 
were corrobora.ted by by scanning electrfJn microscopy carried out on 
fresh tissue of P. vulgare. 
OBSERVATIONS IN Polypodium vulgare 
Modified Macallum's technique 
Shortly after the stomatal meristemoid cuts off its (last) 
subsidiary cell, a heavy cobalt precipitate is usually observed at 
·that pole of the guard-cell mother-cell adjacent to the (inner) 
mesogenous subsidiary cell (Plate lO.l.lA). Evidence of the early 
formation of ehdocuticular trabeculae is already apparent at this early 
ontogenetic stage in many developing complexes (Plate lO.l.lA). 
Immediately following this polarisation of the coba.lt precipitation, a 
transverse cleavage develops across the guard-cell mother-cell 
2Jl 
(Plate 10.1. 2A) Hhich is at right angles to the eventual plane cf 
division of the guard-cell mother-ceU ~1hich occurs during guard ceH 
formation. At this stage a superficial disc-like structure is often 
visible at the pole of the guard-cP.ll mother-cell adjacent to the 
mesogene subsidie.ry cell (Plate 10.l.2A). This stage is follor~ed by 
one in r~hich the cobalt precipita.tions become polarised at both ends 
of the guard-cell mother-cell and the transverse cleavage commences to 
pull apart (Plate lO.l.JA). The tear occurs in a very superficial 
position on the inner face of the guard-cell mother-cell. The torn 
edges of the cleavage start to drar~ back towards their respective poles 
(Plate 10.2.lA)before the first indications of the guard-cell mother-cell 
dividing to form the guard cell complex occur. By the time this cell 
division takes place, the remnants of the cleavage are usually 
established in the polar positions and seem to delimit the extent of 
the cobalt precipitation (Plates l0.2.2A, and 10.2.JA). By the time 
the stoma appears, there is little evidence of this cleavage remaining, 
and its place is taken taken by the polar cobalt precipitations ~1hich 
are similar to, but not as dense as, those found in mature complexes 
(Plate lO.J.lA). 
Whilst the above account describes the normal sequence of 
events, young complexes have been observed in which the guard-cell 
mother-cell commences division before the two halves of the cleavage 
pull apart tor1ards their respective poles (Plate 10.J.2A) • 
. Scanning electron microscopy 
Immediately after the (last) subsidiary cell has been cut 
off from the stomatal meristemoid, a disc-like structure of ea. 6 )UTI 
diameter, can be observed at that pole of the guard-cell mother-cell 
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adjacent to the (inner) mesogene subsidiary cell (Plate lO.l.lB). 
This structure, Nhi:Lst superficial in nature, clearly lies beneath what 
is believed to be the endocu·t.icle. The transverse cleavage observed 
rlith the histochemical stain (Plate 10 .1. 2A) is clearly visible in 
Plate lO.l.2B as a groove across the inner face of the guard-cell 
mother-cell between the lateral extremities of the (inner) mesogene 
subsidiary cell. In this micrograph, a structure is apparent at the 
mesogene subsidiary cell pole of the gu:rad-cell mother-cell belo~-: the 
endocuticle .. 'l'he tearing apart of the transverse cleavage of the 
guard-cell mother-cell appears to involve the polarisation of 
superficial elements of the guard-cell mother-cell wall immediately 
bel01·1 the endocuticle (Plate lO.l.JB). This polarisation of the cell 
Hall elements gives rise to very distinct polar swellings in the guard-
cell mother-cell (Plate 10.2.1B) llhich, on the division of the 
underlying guard-cell mother-cell , are transiently connected by a 
longitudinal ridge (Plate 10.2.2B). This ridge is undoubtably related. 
to the forw.ation of the thickened lips which protect the throat of the 
stoma in the mature guard cell complex. It presumably involves the 
integration of the endocuticle in this region into the thickened cell 
r1al1 ridges of the developing guard cells (Plate 10.2.JB). Eventually 
the stoma appears and the. endocuticle covering the ridges is torn apart 
(Plate lO.J.lB). In s.uch subrnature guard cell complexes, the 
endocuticular substornatal sacs are not as r1ell developed as those of 
mature tissues. \'/hat is believed to be a precociously developed 
guard-cell mother-cell is illustrated in Plate 10.J.2B, in which the 
mother-cell has commenced cell division before the polarisation of 
the superficial cell wall elements has been completed. 
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OBSERVATIONS IN Tradescantia spp. l . 
The morphogenesis of substomatal structures has not. been as 
intensively studied in this genus as in Polypodium vulgare. No 
preferential cobalt precipitation, associated with the stomatal complex, 
occurs in this genus until after the guard-cell mother-cell divides to 
form the guard cell complex. At this stage, cobalt is precipitated 
around the· entire periphery of the yow1g guard cell complex so as to 
completely occlude the lateral subsidiary cells (Plate 10.4A}. As the 
complex matures, the cobalt predpitation over the lateral subsidiary 
cells migrates towards the poles (Plate 10.4B) until it eventually 
approaches the form of polar localisation found in the mature complex 
(Plate l0.4C). Interestingly, whilst the guard cells are still 
submature, and have not attained their.final size, the polar 
precipitations of cobalt become very den3e and subcircular in shape 
which, relatively speaking, are much more extensive than those found in 
mature complexes (Plate l0,4D). 
OBSERVATIONS IN Lygodium scandens 
This fern (Schizaceae) shows a morphogenetic sequence llhich 
is intermediate between that found in Pol;ypodium and that of Tradescantia. 
In this species, the guard-cell mother-cell is completely occluded by a 
dense precipitate of cobalt (Plate 10.5A, right hand side). As the 
guard-cell mother-cell divides and the anticlinal walls are formed, the 
cobalt precipitate migrates centrifugally away from the region below 
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the future stoma (Plate 10 • .5A, left hand side). As the stoma develops, 
the remains of the nov1 periphe:::aUy situated precipitate migrate to 'the 
poles of the complex (Plate 10.5B). An adult guard cell complex is 
illustrated in Plate 8.2D. 
DISCUSSION 
The changes observed in the morphological features on the 
undersurface of the developing. guard cell complex with the scanning 
electron microscope relate to the formation of the substomatal sacs, 
whilst the histochemical stain.relates more directly to the underlying 
ion-adsorbent sites. It is believed, however, that the size and shape 
of the endocuticular saco may reflect the developmental/physiological 
state of the ion-adsorbent sites. 
The transverse cleavage observed in .P. vulgare is clearly 
caused by a rift occurring in cell wall elements underneath the 
endo~uticle in this species, but does not directly involve the cuticular 
membrane. Transmission electron microscopy observations (Chapter 4) 
implicate the outer layers of the lower periclinal guard cell walls 
in the structure of the ion-adsorbent body, whilst the histochemical 
and enzymatic techniques employed in Chapter 7 support the hypothesis, 
first proposed in Chapter 6, that a major constituent of the body is 
pectin derived from the interface of the cell wall and the endocuticle. 
It would seem feasible, therefore, that the rift in the outer region of 
the cell uall could be symptomatic of pectin migrating towards the 
poles of the developing complex as it becomes incorporated into the ion-
adsorbent bodies. This migration could be induced by the pectin layer 
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in the polar regions becoming distended into a sac-Uke form which uHl 
result in a strain being set up in the pecUn layer of the young guard 
cell wall which will eventually lead to its tearing apaTt. 
The morphogenesis of the ion-adsorbent bodies in Tradescantia 
spp. has not been clearly elucidated in the present investigation and 
clearly differs considerably from that in P. vulgare, but this is probably 
to be expected in view of the different location of the bodies in 
Tradescantia. Being situated in the intercellular sp:1.ce at the poles 
of the ,guard cell complex, it is un~ikely that scanning electron 
microscopy Hill contribute additional information about morphogenesis in 
this genus. 
In addition to obvious differences in the location of the 
ion-adsorbent bodies, the morphogenesis of the structures commences 
immediately after the stomatal meristcmoid becomes the guard-cell 
mother-cell in P. vulgare ~1hereas it apparently only commences after 
the guard-cell mother-cell in Tiadescantia has divided to form the guard 
cen complex. Lygodiurn is intermediate. The entire ontogeny of the 
stomatal complex occurs i-n the light in P. vulgare whereas, in 
Tradescantia spp, it proceeds in the relative darkness within the 
basal sheaths of older leaves. Since the morphogenesis of the 
substomatal structures in Tradescantia appears to take place in the 
region .Hhere the emergent leaf starts to turn green, it was thought that 
the structures might not develop until they are exposed to light. 
To test this hypothesis, a specimen of Tradescantia pallidus 
was defoliated and the root stock, in its pot, was sealed in an 
aluminiurn foil .bag and kept in a light-tight darkened cupboard. 
After eight weeks, the aluminium foil was removed and epidermal strips 
from the etiolated leaves treated with the modified Hacallurn stain 
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(~Chapter 2). The stomatal complexes from this material were 
similar to those from normal leaves except that their guard cells 
lacked chloroplasts. The ion-adsorbent bodies in the etiolated 
tissue appeared to be of normal size but the cobalt precipitates were 
very weak in comparison with those from normal tissues (Plate 10.6). 
The presence of light, therefore, does not appear critical in the 
development of the ion-adsorbent bodies but may affect its functional 
capacity. 
These aspects of the substomatal structures in P. vulgare 
suggest that, uhilst they are formed at an early stage of stomatal 
ontogeny, they only become functional at a later stage after the guard 
cell complex matures. This is exemplified when the rather poor co~~lt 
precipitations found in early ontogenetic stages studied are compared 
with the localisations found in mature complexes (c.f. Plate lO.J.lA 
with lO.J.JA). In the immature, but differentiated guard cells 
(Plate lO.J.lA), the cobalt precipitation, although rather weak, is 
discretely delimited and the associated substomatal sacs are less 
pronounced than those observed in ontogenetically younger complexes. 
In mature guard cell complexes, the cobalt precipitate is much heavier 
and more discretely delimited (Plate lO.J.JA) 1-1hilst the substomatal 
sacs are correspondingly more pronounced (Plate lO.).JB). 
The Macallum stain indicates that potassium may accumulate 
in the guard cells before they become functional but it should be 
remembered that the modified ~a~~llwn stain used in the foregoing 
studies was designed to demonstrate ion-adsorbent sites rather 
than potassium localisations (~ Chapter 2 and the concluding remarks 
of Chapter 11). Hot1ever, a similar conclusion was reached by 
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Dayanandan & Kaufman (1975) who detected the accumulation of potassium 
in immature complexes of eight species with the racallum stain. 
An interestin~ aspect of this study has been the confirmation 
of the inequality of the ion-adsorbent sites within a sinBle guard cell 
complex. In P. vulgare, the ion-adsorbent sites at the pole of the 
g~~ cell complex adjacent to the mesogene subsidiary cell are usually 
better developed than those at the opposite pole. Initially, this 
difference t-1as thought to be connected with the asymmetric position of 
the subsidiary cell in relation to the guard cell complex. However, a 
similar inequality of the ion-adsorbent sites occurs in Tradescanti.a 
spp. where the subsidiary cells are symmetrically arranged around the 
guard cell complex. This ineqt~lity is now thought to be related to 
ontogenetic events since the larger ion-adsorbent sites are formed at 
the ontogenetically-distal ends of the guard cell complex although the 
stomatal meristemoid o.rises from a lateral meristem in P. vulgcJ.re 
and from a basal intercalary meristem in Tradescantia. This may be 
significant since in the mature stomata of P. vulgare, the dominant 
ion-adsorbent site is located proximal to the epidermal transpiration 
stream, whilst in Tradescantia it is located distally in respect of 
the transpiration stream. The opposite relative positions of the 
dominant ion-adsorbent sites may indicate that the inequality observed 
results from developmental pressures rather than any functional 
criteria such as the availability of water and ions. 
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Plate 10.1. 
The morphogenesis of substomatal structures in Polypodium vulgare, I. 
The vertical series, A, are stained with 7,5% (w/v) modified l~callum 
stain. The vertical series, B, are scanning electron micrographs 
viewed from the side adjacent to the mesophyll. All the micrographs 
are x 2 160. Laterally adjacent micrographs are of developmentally-
identical complexes and are directly comparable. 
1. Guard-cell mother-cell immediately after the (last) 
mesogene subsidiary cell has been cut off. Note the cobalt-rich 
trabeculae in A, and how the cobalt precipitation in A corresponds 
to a disc-like structure under the endocuticle in B. 
2. Guard-cell mother-cell illustrating th~ transverse 
cleavage which, in B, can be seen to occur beneath the endocuticle. 
J. Guard-cell mother-cell illustrating the transverse 
cleavage developing into a distinct split. There is a polarisation 
of cobalt precipitate in A, which is typical of this and subsequent 
morphogenetic stages. 
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Plate 10.2. 
The morphogenesis of substomatal structures in Polypodium vulgare, II. 
The vertical series, A, are stained with 7,5% (w/v) modified l1acallurn 
reagent. The vertical series, B, are scanning electron micrographs 
viewed from the side adjacent to the mesophyll. All the micrographs 
are x 2 160. Laterally adjacent micrographs are of developmentally-
identical complexes and are directly comparable. 
1. Guard-cell mother-cell as the cleavage develops into 
a distinct polarisation which results in the formation of very distinct 
polar substomatal swellings in B. 
2. A very early stage after the guard-cell mother-cell 
has divided to form the guard cell pair. The ridge adjoining the 
polar substomatal swellings in B, is believed to result from the 
incorporation of the endocuticle into the thickened ridges of the 
underlying cell walls. 
J. A later stage of guard cell development just prior 
to the formation of the stoma. 
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Plate 10.). 
The morphogenesis of substomatal structures in Polypodium vulgare, Ill. 
The vertical series, A, are stained with 7,5% modified Macallum 
reagent. The vertica,l series,., B, are scanning electron micrographs 
viewed from the side adjacent to the mesophyll. laterally adjacent 
micrographs are of developmentally-identical complexes Hhich are directly 
comparable, 
1. Subma.ture guard cell complex, x 2 16o. The stoma 
has just formed at this stage. Although there is a distinct 
polar localisation of colalt precipitate, it is not as intense as that 
found in mature stomata. SimHarly, the substomatal endocuticular 
sacs are not very well developed at this stage. 
2. Precocious development, x 2 160. The guard-cell 
mother-cells illustrated here have started to divide to form the 
gUard cell pair before the cleavage has developed into a distinct 
polarisation. 
J, Mature guard cell complexes, x 1 000. 
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Ple.te 10.4. 
'£he morphogenesis of substornatal structures in Tradescantia pallidus. 
Light micrographs of stomatal complexes stained with 7,5% (~r/v) 
modified 11acallum reagent, x L lOO. 
A. Cobalt precipitation restricted to the periphery of 
thEJ y01mg guard cell complex and the lateral subsidiary cells. 
B. The cobalt precipitation becoming. localised in the 
polar regions of the young complex, and the precipi t/;1. tion becoming 
less extensive and heavy over the lateral subsidiary cells. 
C. The co~~lt precipitation almost completely restricted 
to the polar regions of the young guard cell complex. 
D. Subw.ature guard cell complex showing complete 
localisation of the cobalt to polar precipitations which are 
particularly heavy and extensive 11hen compared with those found in 
mature complexes. 
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Plate 10.5. 
Norphogenesis of substomatal structures in Lygodium scnndens. 
Light micrographs of tissue stained with 7,5% (w/v) modified M::lcallum 
reagent, x Boo. 
A. Micrograph illustrating two early stages in the 
morphogenesis of the structure. The complex on the left hand side 
is of either a guard-cell mother-cell or a very young guard cell complex. 
The cobalt has precipitated onto the complex so densely as to preclude 
positive identif~cation of the ontogenetic stage involved. The complex 
on the left hand side is of a young guard cell complex and sho;1s the 
cobalt precipitation migrating centrifugally away from the eventual 
site of the stoma. 
D. A more advanced ontogenetic stage to the two illustrated 
in A. The cobalt precipitate is becoming localised at the poles of the 
young guard cell complex. 
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Plate 10.6, 
The morphogenesis of substornatal structures in etiolated leaves of 
Tradescantia pallidus. 
Light micrographs of tissue stained ~d th 7, 5% modified !13.callum 
reagent. 
A. Low power · vie1·1 of· tissue, x 260, sh01-ling the polar 
localisations of the cobalt in the. guard cell complexes. 
D. Guard cell complex, x 525. The size and shape of the 
polar localisations are similar to those found in ordinary epidermal 
tissue but the intensity of precipitation is considerably reduced. 
C. Guard cell complex, x 525. Besides illustrating 
supernumerary lateral subsidiary cells (two on each side) and the 
absence of polar subsidiary cells, this complex shoHs very extensive 
polar localisations of the cobalt precipitate, 
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\CHAPTER 11 
FUNCTIONAL AND BEHAVIOURAL ASPECTS 
;OF STOMATA 
INTRODUCTION 
A considerable volume of physiological data contributing to 
current understanding of the stomatal mechanism have been obtained from 
the study of storn..1.tal behaviour in epidermal tissue floated on ionic 
buffers (reviewed by Thomas, 1975). It 11as considered that this 
technique off.ered the possibility of investigating the role, if any, of 
the substomatal ion-adsorbent bodies in stomatal movements. Some of 
the experiments in this section are of a. preliminary nature, carried 
out prior to .the emergence of the main theme of the investieation, 
~1hilst others are essentially investigations into the basic methodology 
employed in in vitro experimentation using isolated epidermal tissue. 
STOMA liAL BEHAVIOUR IN ISOLATED EPIDERMES 
Experimental 
J!!x;Periment 11.1. pH effects on stomatal opening in 
isolated epidermal tissue of Commelina communis. Results are 
summarised in Fig, ll.la, and sta tistic-J.l analyses are presented in 
Appendix 4. l, 
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Experiment 11.2. The effect of darkness end buffer 
concentration on stomatal opening in isolated epid~rmal tissue cf 
Commelina communis. Results are summarised in Fig. ll.lb, and 
statistical analyses are presented in Appendix 4.2. 
Experiment ll.J, pH effect on stomatal opening in isolated 
epidermal tissue of Polypodium vulgare. Results are summarised in 
Fig. ll.lc & d, and statistical analyses are presented in Appendix 
4,)·and 4.4. 
Experiment 11.4. The effect of light on stomatal opening 
in isolated epidermal tissue of Commelina communis, Results are 
summarised in Fig. 11.2, and statistical analyses are presented in 
Appendix 4 . .5. 
Discussion 
The foregoing experiments provided basic information about 
the behaviour of stomata in isolated epidermal strips of Commelina 
communis 1~hen incubated on citrate buffer. Suitable pH treatment 
appears to kill the majority of epidermal and subsidiary cells which 
eliminates any osmo:tic constraints they may have on the guard cell 
complex, This effective isolation of the guard cell complex means 
that any stomatal movements in epidermal strips of this species must be 
independant of active physiological involvement by the subsidiary cells. 
This must be considered as an experimental artefact since the subsidiary 
cells of this species have been strongly implicated in stomatal 
movements by Willmer & P.allas (1974), and Penny & Bowling (1974, & 
1976). . The present study indicates that stomatal opening in epidermal 
strips of this species is ion-stimulated and largely independant of 
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-2 -1 light below ea. 100 J m s Although ion-stimulated opening 
largely results from potassium uptake from the buffer (Willmer & 
~ansfield, 1969a, 1970, and Squire & Mansfield, 1972), it is also 
possible that metabolism'of the citrate ions may contribute to the 
opening process. Citrate, like malate, may be taken up and metabolised 
by guard cells (Dittrich & Raschke, 1977). For these rea~ons, it is 
considered that ion-stimulated stomatal opening in isolated epidermal 
strips is not achieved by the same rnechanism(s) as in life, a fact Hhich 
should be borne in mind when evaluating data obtained by this technique. 
Since the undersurface of the epid~rmis is in direct 
contact with the buffer medium, the buffer Hill affect the osmotic 
relations of the guard cells because the osmotic potential of the guard 
cells varies \·lith changes in stomatal aperture (t1eidner & 1·lansfield, 
1968). Stomata are extremely sensitive to carbon dioxide concentrations 
(Heidner & Mansfield, 1968) and the carbon dioxide gradient betHeen the 
gua.rd cells and the substomatal chamber probably is important in stomatal 
responses. In the epidermal strip technique, the substQmatal chamber 
is saturated by the buffer medium. Thus the normal moderating effect 
of mesophyll photosynthesis on stomatal responses will no longer exist 
and the stomata will only respond to the levels of carbon dioxide 
dissolved in the buffer and the ambient atmosphere. 
The baha.viour of isolated epidermal strips of Polypodium 
vulgare, incubated on ionic buffers, differs markedly from that of 
C. communis. l·lansfield & Hill mer (1969) reported similar subdued 
responses in the closely related fern, Phyllitis scolopendrium, a 
species whose guard cell .potassium levels fails to exhibit consistent 
correlation llith stomatal aperture (Mansfield et al, 197J). In 
addition, it has only been possible to demonstrate very limited 
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stomatal movements in intact P. vulgare pinnae (silicon r:ubber 
impression te~hnique), although Lange et al (1971) elicited stomatal 
responses to certain environmental conditions imposed on isolated 
epidermal strips of this species. 
It is possible that the semi-encompassing nature of the 
horseshoe-shaped subsidiary cells in P. vulgare exert a structural 
effect on the operation of the guard cells, Vnder conditions where the 
turgor of the subsidiary cells exceeds that of the guard cells, any 
opening movements of the guard cells could be restricted. The 
potential structural advantage of the subsidiary cells could also be 
compounded by a turgor advantage derived from the metabolism of 
subsidiary cell chloroplasts: · organelles which are normally lacking in 
mesophyte subsidiary cells. 
EFFECT OF CERTAIN PHENOLICS ON STOMATAL BEHAVIOUR 
Experimental 
The effects of chlorogenic acid on 
stomatal opening in light-incubated isolated epidermal tissue of 
Commelina communis. Results are summarised in Fig. ll.Ja, and 
statistical analyses are presented in Appendix 4.6. 
Experiment 11.6. The effects of chlorogenic acid on 
stomatal opening in dark-incubated isolated epidermal tissue of 
Commelina communis. Results are swru~ised in Fig. ll.Jb, and 
statistical analyses are presented in Appendix 4.7. 
Experiment 11.7. The effects of chlorogenic acid on 
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open stomata in 1ight-incuh3.ted isoilated epidermal tissue of 
Uommc!l:ina .corrummis, ·Results are summarised in Fig, 11. Jc, and 
statisHcal analyses are. presented in Appendix 4.8 •. 
:Exuer:Lment :n. 8. 
-- -
The effects of ferulic acid on stomatal 
opening in light-incubated isolated epidermal tissue of Commelina 
communis, Results are summarised in Fig, i1.4a, statistical analyses 
are presented in Appendix 4.9. 
Experiment 11.9. 'l'he effects of ferulic acid on stomatal 
opening in· dark-incubated isolated epidermal tissue of Comrnelina 
communis. Results are surrunarised in Fig, 11. 4b, and· statistical 
analyses are presented in Appendix 4.10, 
Experiment 11.10. The effects of ferulic acid on open 
stomata in light-incubated isolated epidermal tissue of CommeHna 
Results are swrunarised in Fig. 11. 4c, and statistical 
analyses are presented in Appendix 4.11. 
The foregoing experiments with chlorogenic and ferulic 
acids were all repeated on epidermal strips of Polypodium vulgare. 
The results were largely inconclusive in that the responses obtained 
were very variable and of ~mall magnitude, However, a single 
experiment (:Ex.pt, 11.11, below) did provide significant results. 
Experiment 11.11. The effects of ferulic acid on stomatal 
opening in light-incubated isolated epidermal tissue of Polypodium 
vulgare. Results are sununarised in Fig. 11.5, and statistical 
analyses are presented in Appendix 4.12. 
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,[)iscussion 
As ment:i:oned in the intrcduction to this chapter, the 
physiological studies reported on here were carried out prior to the 
emergence of the main theme of the investigation (i.e. substomatal 
ion-adsorbent bodies). Consequently they represent basic 
experimentation Hhich requires further ratification before any major 
conclusions can be drawn about the mode of action of the phenolics. 
Chlorogenic acid has been shown to be inhi,bi tory to 
stomatal opening in tobacco leaf discs (Zelitch, 1967), in whole 
tobacco and ·sunflower seedlings treated with the acid via a nutrient 
solution (Einhellig .& Kuan, 1971), and in isolated epidermal strips of 
Commelina communis (Ogunkanmi et al._, 1973). Ferulic acid has been 
reported on as stimulating the transpiration rate of deracinated 
Phaseolus vul"aris in potometer experiments (I·iichnie~licz & Rozej, 1971}), 
'l'he present study confirms that chlorogenic acid will 
inhibit stomatal opening in the light but will only slightly do so in 
the dark. It appears to have no effect on open stomata and does not 
induce their closure in the light. The inhibitory action of chlorogenic 
acid on stomatal opening ~10uld, therefore, appear to be light dependant. 
It has already been established that stomatal opening on citrate buffer 
is induced primarily by potassium uptake by the guard cells which 
implies that the inhibition of opening observed in the light results 
from chlorogenic acid blocking this process. The question arises, 
therefore, why chlorogenic acid does not inhibit this process in the 
dark because ion-stimulated opening does not appear to be light 
dependant (vide Expt 11.2). Dayanandan & Kaufman (1975), however, 
have demonstrated potassium uptake by Crassula argentea guard cells 
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during night opening Hhich is typical of such .plants 1-1hich possess 
Crassulacean acid metabolism. This apparent failure to block ion 
uptake in the dark deserves further investigation since it implies 
that tHo ion-uptake mechanisms may be involved in the guard cells of 
isolated epidermal strips. 
The present findings that chlorogenic acid does not induce 
stomatal closure of open stomata in epidermal strips are not in 
agreement with those of Ogunkanmi et al (1973) who indicate very 
signif'icant closure at 10-JN. The position needs some clarification, 
hm~ever, since Ogunkanmi et al (op. cit.) only imply that they used 
already opened stomata and they do not specify whether their control 
values represent stomatal apertures at the beginning or the end of the 
incubation period, 
Polypodium vtLl.gare epidermal strips appear to be completely 
unaf'fected by chlorogenic acid in either a water or a buffer 
incubation medium, and are not considered here. 
Stomatal opening in isolated epidermal strips of 
Cornmelina communis is inhibited by ferulic acid in both the light and 
the dark, but stomatal closure is not induced in open stomata in the 
light. The results of the chlorogenic acid investigations imply that 
t~ro .separate mechanisms exist for ion uptake by guard cell. If this is 
the case, ferulic acid appears to be able to block both processess. In 
contrast, ferulic acid stimulates stomatal opening in epidermal strips 
of Polypodium vtLlgare lrhen in aqueous solution but not in citrate 
buffer. This suggests that fcrulic acid, in this case, is not 
stimulating ion uptake by· the guard cells but is either modifying the 
metaboLism of the guard cells themselves or, in view of the suspected 
I • 
I 
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involvement of subsidiary cells in this species, it may affect the 
metabolism, or even viability of these cells. 
Once again, the present findings are not in·agreement with 
those in the literature (l•iichniewicz & Rozej, 1974) but may not be 
directly comparable since epidermal tissue was used in the present 
investigation whilst they used deracinated plants. P. vulp;are 
appears to behave similarly to their Pha.seolus vu1garis although they, 
·apparent1y, began thejr experiments with ston~ta in the open state. 
The present findings in C. communis contradict those of l1ichniewicz & 
Rozej (op, cit.) and indicate that, in isolated epidermes of this 
species, feru1ic acid inhibits the opening process. 
These observations indicate that the study of the action of 
phenolics on the stomatal mechanism may provide useful informa.tion about 
the mechanism(s) of stomatal movements both in vivo and in vitro. ~lore 
importantly, they reveal basic differences between the responses of 
sto~~ta under in vivo and in vitro conditions. For this reason alone, 
further investigations into the use of isolated epidermal tissues in in 
vitro investigations should be carried out. 
The difficulties in interpreting this data are further 
highlighted by the fact that no differences in potassium content could 
be detected using the basic l·lacallum reagent (l·lacallum, 1905). 
1 ALTERNATIVE TECHNIQUES FOR MONITORING 
STOMATAL BEHAVIOUR IN VITRO 
As a result of the problems encountered with the epidermal 
strip technique, alternative techniques ~1ere introduced to study 
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I. 
stomatal behaviour in_ vitr!?_· \'/hole leaf discs and semi-leaf dit:cs were 
incubated on distilled water, The S3rni-leaf discs were prepared by 
removing the adaxial epidermis and floating the remaining· leaf tissue 
on the exposed mesophyll tissue. The discs were maintained above the 
water surface by air trapped beb1een the mesophyll cells. The 
epidermal cell layer was never in direct contact with the incub-J.ting 
medium and, consequently, was not ab].e to directly take up exogenous 
materials. 
Early results of such experimentation with Commelina communis 
are summarised in Fig. ll. 6. Positive stoma tal responses Here 
obtained with lower epidermal semi-leaf discs which, in the presence 
of normal air, opened to 7 Jlm. This value is less than the ll )lm 
commonly achieved with isolated epidermal strips floated on citrate 
buffer (Fig. 11.2) but is large enough for accu..."'ate measurement. One 
great advantage of using both semi-leaf, and ~1hole leaf discs is their 
ability to open and close in response to consecutive light and dark 
treatments. They also respond to imposed carbon dioxide regimes. 
The 7 )lm stomatal opening achieved with semi-leaf discs in the light is 
independant of exogenous ions and, therefore, compares very favourably. 
with the 2 - J Jlin non ion-stimulated opening exhibited by isolated 
epidermes floated on citrate buffer under the same light regime 
(Fig. 11.2). The stoma.tal behaviour of both semi-leaf, and whole leaf 
discs, unlike that of epidermal strips, is very similar to that found 
in nature as monitored by viscous flow porometry (vide infra). 
Whilst semi-leaf discs may prove a usefQl addition to in 
vitro techniques in certain physiological studies where the only 
parameter being monitored is stomatal aperture, they are not suitable 
for studies involving observations of the substoma.tal ion-adsorbent 
2.53 
bodies. This is because it is impossible t.o separate the epidermis 
from the underlying n;esophyll c•~lh; 1·d thout damage. Hhilst it is 
possible to remove the epidermis from 1-1hole leaf discs, it is difficult 
and not .always sucessful. ·Consequently a variation of the whole leaf 
disc technique was developed specifically for Tradescantia spp., but 
which could be attempted with any plant species whose ]!eaves ar>3 
sufficiently large (vide Expt. 11.12). The stomata, whilst not opening 
as ~iidely as those in epidermal strips or semi-leaf discs, open 
comparably to those of leaf discs and are easily measurable. After 
the treatment period, the abaxial epidermis can be easily stripped off 
in order to observe the ion-adsorbent bodies. 
STOMATAL MOVEMENTS AND ION-ADSORBENif BODIES 
Effect of abscisic acid .. 
2 cm lengths were excised from Tradescantia ro.llidus 
leaves one hour prior to the commencement of the photoperiod, The 
lengths were placed, on end (~e Plate 2.3), in:l c~ aliquots of 
-11 -9 -7 -5 -3 10 , 10 , 10 , 10 , and 10 11 abscisic acid dissolved in distilled 
-2 -1 l1ater and incubated at 137 J, m s • After 4 h, 30 stomatal apertures 
llere measured from each treatment and an abaxial epidermai strip 
removed. The epidermal strip was treated with the modified 1'acallum 
stain (~ Chapter 2) and sample fields photog£aphed under the 
microscope. A control, incubated in distilled water, t1as employed •. 
The experiment t1as replicated on three separate occasions,· 
Stoma ta:l aperture progressively decreased tli th increasing 
concentration of a:bscisic acid, complete closure being effected at 10-J 
M. Progressive saturation of the mesophyll intercellular sp;J:ces 
occurred with increasing abscisic acid concentrations and appeared to 
.b€i virtually total at 10-JH. Ho apparent quantitative or qualitative 
di.fferences were o.bserved in the stained ion-adsorbent bodies (Fig. 
11. 7; statistical analyses arc pi·esented in Appendix 4 .lJ). 
Abscisic ac:ld inhi·bi ts stomatal opening in the light in 
isolated whole leaf segements. The reduced stomatal openi.ngs at 
higher concentrations may ·be enhanced ·by progressive saturation of the 
intercellular air spaces. This effect requires further clarification. 
'l'here was apparently no change ill the size or the density of staining 
of the ion-adsorbent bodies althowsh l'ansfield & Jones (1971) have 
successfully demonstrated a reduction in guard cell potassium, in the 
related species Commelina communis; Hith abscisic acid treatment using 
the basic l·iacalll;lm technique (l·Ja.callum, 1905). These observations do 
not necessarily conflict tlith tl1ose of ~1ansfield & Jones (.2E..:. cit_:) 
since the modified l·Iacallum stain was designed to demonstrate ion-
adsorbent bodies although it could also indicate potassi wn localise: tions 
(vidE!. Chapter 2) . 
. Effect of water. stress and photoperiod 
Experiments were conducted to determine whether changes in 
the size of the ion-adsorbent bodies of their adsorbent capacity could 
be correlated with changes in stomatal aperture using the modified 
Macall urn -technique (vide Chapter 2) . 
--. 
However, no definite changes 
in the state of the bodies could be detected between light and dark 
treated leaves, or in leaves under varying degrees of water stress 
induced by natural wilting and by treatments with graded mannitol 
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osmotica. 'l'he photomil;rographic evidence obtained was very similar to 
that illustrated for Experiment 11.12 in Fig. 11.7. 
Effect of endogenous stomatal movements 
In the previous experiments, attempts were made to correlate 
changes in the ion-adsorbent bodies with stomatal movements induced by 
abscisic acid and wilting. Using viscous flmr porometry (vide Chapter 
2), attempts ~rere also made to correlate longer term changes in stomatal 
aperture with changes in the ion-adsorbent bodies. 
Typice.l porometer data obtained simultaneously from leaves 
on four separate plants of Commelina communis are presented in Fig. 11.8. 
The results, in this case, have been expressed in terms of percentage 
viscous conductance and percentage viscous resistance. In this way, 
small changes in stomatal aperture ~rhen the stomata are almost closed 
axe best expressed in terms of viscous resistance, ~rhilst those 
occurring when the stomata are more fully open are best expressed in 
terms of viscous conductance. The plants were initially pretreated 
with a 14 h photoperiod (10.00- 24.00 h B.S.T.) followed by 10 h 
darlmess for 7 days prior to the porometer cups being fitted. 
Stomatal behaviour was monitored subsequently for 7,5 days. 
Night opening of stomata occurred in leaves b,c, and d 
during the first period of darkness, but did not reappear in any leaf 
during the second period of darkness. The subsequent opening in light 
was delayed, in the absence of night opening, by between 10 and JO 
minutes (c.f. Na.rtin & !1eidner, 1972). Na.ximum stomatal opening 
usually occurred about 1 h after the onset of the photoperiod and was 
characterised by an 'overshoot', during which the stomata open, then 
close for a short perioi of time, before opening to achieve steady 
state opening after 2 to 2,5 h (c.f. l1artin & Meidner, 1972, 1975). 
The four leaves Here then exposed to continuous darkness for J4 h, 
during Hhich time all leaves shmwd a fluctuation in aperture, but Hith 
major peaks corresponding to night opening during the period of 
subjective day (i.e. that period during Hhich the plant would normally 
experience day conditions). During the photoperiod which followed this 
extended dark period, the stomata showed a delayed opening response, 
without the normal overshoot phenomenon. During the following 10 h 
dark period, night opening occurred in all leaves. This Has follorred 
by a period of continuous light, during which the stoma.ta exhibited 
circadian opening and closing cycles rrith a period of ea. 27,5 h, 
although the amplitude ·of successive cycles damped with time (c.f. 
l'lartin & l1eidner, 1971). 
Using similar treatments, epidermal strips rrere removed 
during the light and the derk phases of the. stomatal rhythm and treated 
rrith the modified l•Jacallum stain (vide Chapter 2). No correlation 
could be found bet He en stoma tal aperture and the size or degree of 
staining of the ion-adsorbent bodies . 
. ION ADSORBENl" CAPACITY OF THE ION-ADSORBENJ BODIES 
: Epidennal strips 
Experiment ll.ll~. The capacity of ion-adsorbent bodies in 
isolated epidermal strips of Comrnelina communis to adsorb various 
cations from an incubating medium. 
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Abaxial epici.,;rmal strips of 'L'radescantia pallidus Nere 
removed d~ing the photoperiod and incubated in 2 cmJ aliquots of 5% 
(~r/v} aqueous solutions of nickel sulphate, Niso4, ferrous sulphate, 
. Feso4, .ferric chloride, Fec13, lead nitrate, Pb(No3 )2, cobaltous 
sulphate, Coso4 , cupric sulphate, Cuso4 , mercuric chloride, HgC12, 
silver nitrate, AgN03, and 1~0 gold chloride, AuClJ at 137 J m-
2 s -l 
After 0,5 h,, the strips were washed for 10 s in absolute ethanol, 
floated on 5% ammonium sulphide for 2 minutes, before being re-washed 
in ethanol and mounted in water for microscopic examination·. 
The experiment was repeated on tissue removed 1 h prior to 
the onset of the photoperiod and incubated in the dark, Strips 
incubated on distilled water acted as controls in both experiments. 
The controls in both light and dark treatments showed no 
signs of any precipitation. All the treated strips, except these 
floated on AuC13, shmred distinct heavy metal precipitations in the 
polar regions of the stomata. There was no apparent difference between 
comparable light and dark treatments. Very ~reak polar precipi ta tions 
were obtained with AuClJ after an extended incubation of 6 h. 
li'ght micrographs are illustrated in Plates 11.1 and 11. 2. 
Sample 
The cationic fractions of all the metal salts used in this 
·experiment became adsorbed onto the ion adsorbent sites. The bodies 
do not appear to be specific and can accomodate monovalent (Ag +), 
divalent (Hi++, Fe++, etc.) and t~ivalent (Au+t+, and Fe+t+) cations. 
Excised leaves 
Experiment 11.15A. The capacity of ion-adsorbent sites in 
excised whole leaves of Tradescantia x andersoniana to adsorb various 
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cations from the transp5.::::-ation strea.m. 
\~hole leaves were excised from plants 1 h before the onset 
of the photoperiod and transferred rapidly to phials containing 5 cmJ 
aliquots of the experimental solutions used in the previous experiment. 
The leaves were placed in an environmental chamber for 16 h at J7 
-2 -1 J m s • The experiment uas repeated on leaves excised from dark 
treated plants and were incutated in the dark. Distilled water 
controls were used. After 16 h, epidermal strips were removed from 
the abaxial leaf surfaces at least 1 cm above the level of the 
experimental solutions and the presence of cations visualised with 5% 
ammonium sulphide. 
The controlo shoHed no sign of precipitation, whilst all 
the treated leaves, from both light and dark treatments, exhibited 
heavy metal accumulations on the ion-adsorbent bodies. All the 
treated leaves were severely wilted. Sample micrographs are 
illustrated in Plates J.lJ, ll.J, and 11.4. 
The heavy metal cations were assumed to be transported to 
the ion-adsorbent bodies via the cut petiole but the exact pathHay 
cannot be determined from this experiment. As in the previous 
experiment, the ion adsorbent bodies were apparently non selective. 
Experiment 11.15B. 
This experiment was a repeat of the previous one (11.15A) 
carried out to define the water pathway utilised by the heavy metal 
ions more clearly. 
6 cm long epidermal strips lifted off the abaxial leaf 
surface at the base of the lamina but were left attached to the leaf 
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distaUy. The cut pctiule was placed in a phial containing distilled 
water whilst the s~mi-detachea epidermis was placed in an adjacent phial 
containing a heavy metal solution. The exposed inner surfaces of the 
free epidermis and adjacent rnesophyll were lightly coated with liquid 
paraffin to prevent dessication. After 16 h incubation, the epidermis 
was detached for a further 2 cm and two epidermal strips prepared. 
One was taken from the freshly detached area and the other was from the 
area of previously detached tissue just above the level of the 
experimental solution. 
ammonium sulphide. 
The heavy metals were visualised Hith 5% 
The results were identical to those obtained in the previous 
experiment (ll.l5A), and imply that the metal cations were adsorbed 
directly from the epidermal transpiration stream. 
Discussion 
The foregoing experiments show the substomatal ion-adsorbent 
sites can adsorb a wide variety of cations of varying valencies. 
Experiment 11.14 sho~IS that these ea tions can be ads or bed directly from 
an exogenous source, whilst Experiment 11.15 indicates that they can be 
adsor.bed from the transpiration stream. 
In Chapters 6 and 7, evidence was offered which advances the 
concept that the ion-adsorbent bodies are largely pect.inaceous. Pectic 
substances are ~1ell known for their ability to adsorb a wide variety of 
cations (Kertesz, 1951) and particularly those of heavy metals. This 
adsorption is achieved by the ionisation of the acid radical in 
polygalacturonic acid (Fig. 7.4) and the subsequent ionic attachment 
of free cations to the carboxyl anion. Therefore, if the bodies are 
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largely composed of pectin, the results observed in Experiments 11.14 
and 11.15 are to ·be expected. 
The fact that the heavy metal solutions are ~trried through 
the epidermal tisnue in the transpiration stream (Experiment ll.l5B) 
agrees with the findings of Tr.mton & Crowdy (1972), Gaff et al. (1964), 
Burbano et al. (1976), Pizzolato et al. (1976), ,and Byott & Sheriff 
(1976~ 1-1hose evidence suggests that this path~1ay is an important 
element in the transpiration stream. Their interpretation of ~1ater 
path~1ays, identified with heavy metal precipitates, has been 
elaborated on by Sheriff & ~leidner (197'+) and J.leidner (1975) using 
alternative techniques. However, the results of Experiment 11.15 do 
not indi~te that the substorratal ion-adsorbent bodies are preferential 
sites of transpira tional loss necessarily since Experiment 11.11} shows 
that cations are adsorbed onto these bodies non-selectively. The 
present findings suggest that the ion-adsorbent bodies could play an 
important role in extracting potentially toxic metal ions from the 
transpiration stream. However, Lane & 11artin (1977) have found that 
lead uptake in whole radish plants is largely .prevented from reaching 
the leaf tissues by an apparent barrier at the suberised endodermis, 
and a.ny lead passing this tiss'ue is liable to become adsorbed onto 
exchange sites in the vascular tissue. 
RELEVANCE OF THE MACALLUM STAIN TO HISTOCHEMISTRY 
:OF ION-ADSORBENT BODIES 
' 
This investigation has yet to provide conclusive evidence 
that potassium is associated with the ion-adsorbent bodies, and no 
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correlation has been made between either their size or density of 
staining and stomatal aperture. The results obtained with the 
Hacallwn stain (l1!l.callum, 1905) may indicate no more than the adsorption 
of cobalt onto the bodies (Experiments 11.14 and 11.15), .rather than the 
presence of potassium. However, since the bodies appear to be so 
non-specific in respect of what cations _can be adsorbed, there is a 
strong possibility that potassium is associated with the structures 
(Braconnot, 1825, found that pectic acid will readily adsorb 
potassium). 
However, if a potassiwn positive reaction is to be obtained 
with the l1acallum stain, the potassium must be in a free form since the 
triple salt cannot be formed if' only bound potassium is present. Since 
the polar bodies are ostensibly binding sites, it is unlikely that a 
potassium positive reaction at these sites is to be expected. Indeed, 
this may be the reason why, in this investigation, attempts to correlate 
stomatal aperture tlith Nacallum stain reactions have been so 
unsuccessful. 
It is believed that if the ion-adsorbent bodies do play 
a direct role in stomatal functioning, and if they are involved in 
stomatal potassiwn fluxes, alternative techniques will have to be 
employed to determine their functional significance. Of the techniques, 
currently available, for potassium analysis, X-ray microanalysis_is 
considered to be the most suitable and accurate for studies relating 
to the ion-adsorbent bodies, 
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Fig, 11.1. 
Buffer efTects on stow.atal behavio1rr in isolated epidermal tissue. 
Fach value represents the mean of 120 stomatal aperttrres (20 x 2 
replicates on 3 ocassions). Strips removed 1 h before the onset of the 
photoperiod; incubation period - 3 h. 'p-t = stomatal aperture prior 
to treatment. 
a. pH effect on light incul:ated Commelina communis 
(137 J m-2 s~1 ). Vertical bars represent standard deviation. 
Optimal opening effect observed at pH 5.5. 
b. Buffer concentration effect on dark incubated 
Commelina communis. Optimal opening effect at 5 - 10 mH. The 
stomatal opening observed is not light dependant, but must be ion 
stimulated. 
c. pH effect on light inc~OO.ted PolYJ?odium vulgare 
(137 J m - 2 s -l). Vertical OO.rs represent standard error. Very 
poor stomatal opening was achieved; optin~l at pH 5,5f6·,o. The 
opening observed at low pHs believed to result from toxic effects. 
d. pH effect on light incul:ated Poly-podium vulgare 
(137 J m-2 s-1). Very poor stomatal opening; optimal at pH 5,5/6,0. 
Opening at pH 8,0 probably resulting from toxic effects. 
26J 
20 
18 
10 
B 
Cgmmelina ,..light 
r-1-
.... ~ 
' 
p-t 3.5 4.0 4.5 ao as a.o 
pH of 11DmM citrate 
· buffer 
Palypadium- light 
@ 
p-t·3S40 4.5 5.:0 5.5 B.O 
pH of 1DmM citrate 
buffer 
10
' · Cpmmel!na - dark 
@' 
a: 
5 
4 
I 
r--..--
p-to.s 1 · 5 10 eo so 
Nlalarlty of citrate 
buffer at pH5.5 (mM) 
Palypadium - light 
@ 
.-----
r--
..---
--
n 
·p-t B.O 5.5 B.D 6.5 7.0 B.O 
pH of 1DmM phosphate 
buffer 
Fig. 11.2. 
The effect of light on storna.:.tal behaviour in isolated epiderma.l strips. 
Epidermal strips removed 1 h before the commencement of the photoperiod; 
tnc11bated on 1!0 mH citrate buffer (pH 5.5). 20 stomatal apertm·es 
Measured from each light treatment every 15 minutes for 6 h. Values 
represent average of 1:20 readings (20 x 2 replica.tes on J oca.ssions). 
Dark treatment value .at J h extrapolated from Experiment 11.2. 
-2 -1 .· At light intensities of up to lOO J m s , the JTI.ajor cause of stomatal 
opening must arise from the buffer ions per se {i.e. ion stimulated· 
opening). At highest light intensity investigated (137 J m-2 -l) s • 
80% of the obserVed stomatal response is due to ion stimulated opening 
(vide Expt. 11.2 and Fig. ll.lb) 
Stomatal opening progressively increases with time (linear 
logarithmic relationship) for the first J h; thereafter steady-sta-Le 
opening maintained. The curves have been fitted by hand. 
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Fig. 11.). 
Effects of chlorogenic add on stomatal behaviour in isolated epidermes 
of Commelina communis. · 
Each value represents the mean of 120 stomatal apertures (20 x 2 
replicates on J ocassions). Incubation time - J h. p.t. = stomatal 
aperture prior to the treatments; C = stomatal aperture of control 
(buffer only) at the end of the treatment period. 
a. Concentration effect on stomatal opening at lJ? J m-J s-l 
Epidermal strips removed 1 h prior to the commencement of the 
photoperiod. Vertical bars represent standard error. Progressive 
inhibition of stomatal opening obtained with increasing chlorogenic 
acid concentrations; optimal inhibition at 10-J l·t. Stomatal response 
at 10-2 may result from toxic effects (requires confirmation). 
b. Concentration effect o~nin~ in the dark. 
Epidermal strips removed 1 h prior to the photoperiod commencing. 
Slight inhibition observed between 10-5and 10-J H but inhibitory 
effect of chlorogenic acid is greatly reduced in the absence of light 
(c.f. Fig. ll.Ja) 
c. 
-2 -1 Concentration effect on open stomata at 137 J m s 
Epidermal strips removed from leaves whose stomata had been induced to 
open in the light (~de Chapter 2). Results indicate that chlorogenic 
acid does not promote stomatal closure. The 50% increase in stomatal 
aperture over pretreatment levels cannot be attributed to chlorogenic 
acid since it also occurs in the control, The enhanced opening 
observed could result from the collapse of the subsidiary cells 
(pH effect, vide Expt. 11.1). Alternatively, or concomitantly, extra 
ions could be taken up from the buffer to stimulate further opening. 
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Fig. 11.4. 
Effect of feruilic acid on stomatal behaviour in isolated epidermal 
tissue.of ComrneJ.ina communis. 
Each value represents the mean of 120 stomatal apertures.(20 x 2 
replicates on J ocassions). Incubation period- J h. p.t .. = stomatal 
aperture prior to incubation; C = stomatal aperture of control 
' -2 (buffer oh!ly) at the end of the treatment period. N.B. at 10 11, 
ferulic acid crystalised out at the experimental temperature (20°C). 
-2 -1 
a. Concentration effect on stomat..'ll opening at 137 J m s 
EpidermaJ. strips removed 1 h prior to the commencement of the 
photoperiod. Vertica!l bars represent standard error. Prov:·essive 
inhibition of stomatal opening occ\lrred with increasing concentrations 
of ferulic acid; optimal inhibition at 10~3 and 10-2 i1. 
b. Concentration effect on stomatal opening in the dark. 
Epidermal strips removed l h prior to the onset of the photoperiod. 
Progressi:v.e inhibition of stomatal opening achieved Hith increasing 
concentrations of ferulic acid; optimal inhibition at 10-J and 10-2 t1. 
The apparently incongruous results obtained at 10-4 1>1 require 
confh~mation. 
-2 -1 
c. Concentration effect on open stomata at 137 J m s 
Epidermal strips removed from leaves ~1hose stomata had .been induced to 
open in the light (vide Chapter 2). ·Results indicate that ferulic 
acid does not stimulate stomatal closure. The enhanced 
opening over pretreatment levels is not associated with the ferulic 
acid treatment and is thought to result for the same reasons as given 
-2 in the legend of Fig. ll.}c. The 10 results are probably 
indicative of toxic effects. 
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Fig. lL5. 
Effect. of ferulic acid on stomatal opening in isolated epidermal tissue 
of Poly-podium vulcarc. 
Each value represents the mean of 1:20 stomatal ~.pertures (20 x 2 
replicates on 3 ocassions ).. -2 -1 Incubation period - 3 h, at 137 J m s . 
p.t. = stomatal aperture prior to treatment; C stomatal aperture of 
control (distilled Hater only) at the end of the treatment period·. 
The epidermal strips ~mre removed 1 h before the onset of the 
photoperiod. 
Ferulic acid appears to stimulate stomatal opening at all the 
experimental concentrations; optimal opening occurs at 10-4 and 10-3 N. 
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Fig. 11.6. 
Stomatal behaviour in a variety of isolated leaf tissues of Commelina 
communis Hhen floated on distilled ~1ater. 
The tissues Here all removed 1 h before the commencement of the 
-2 -1 photoperiod and floated on distilled water for J h at 1J7 J m s 
From this preliminary study it can be seen that optimal response was 
achieyed from lo~mr epidermal semi-leaf discs floated in a carbon 
dioxide-free atmosphere, closely followed by whole leaf discs under 
the same conditions. Isolated epidermal strips do not open on 
distilled water at all. 
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Stomatal aperture as 9Ei lower epidermal semi · 
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Fig. 11.7. 
Effect of abscisic acid on stomatal opening and ion-adsorbent bodies 
in Tradescantia pallidus. 
Each point represents the mean of 90 stomatal apertures (JO x J replicates); 
the vertical bars represent standard error. 
The micrographs, above each treatment, indicate the state of the ion-
adsorbent bodies after the 4 h incubation period as determined with the 
modified l·lacallum technique. 
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Fig. 11.8. 
Sample viscous flow porometry results from Commelina communis. 
The figu:re records the stomatal responses of stomata from four separate 
plants simultaneously for a period of 7,5 d following a 5 d entraining 
period. The entrained (subjective) light regime of 10 760 lx / 37 
J m-2 s-l between 10.00 and 24.00 h B.S.T. was maintained during 
the experimental period (black and white bar along the base of_ the 
figure) although different light regimes were imposed on the actual 
plants as indicated by the black shading in the body of the figure. 
R.H. was maintained P.t 60%, and temperature mis constant at 20°C. 
The stomatal response of each leaf (a, b, c, and d) is expressed in 
both terms of percentage conductance (upper traces) and percentage 
resistance (lower traces). 
Features exhibited by the traces include night opening, a characteristic 
overshoot on stomatal opening prior to the achievement of steady state 
opening, and circadian cycling under both continuous light and dark 
treatments. These features are described in the body of the thesis. 
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Plate 11.1. 
Heavy metal uptake by isolated epidermes of Tradescant:i.a pallidus, I. 
A. NiS04 
B. Feso4 
C. Pb(NOJ)z 
Light micrographs, x 550. 
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Plate 11.2. 
Heavy metal uptake by isolated epidermes of Tra.descanti~llidus, II. 
A. Cuso4 
B. HgC12 
C. AgNOJ 
Light micrographs, x 550. 
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Plate ll.J. 
Heavy metal uptake in the transpiration stream of Tradesc~.ntia 
~ersoniana, I. 
A. HgC12 
B. AuClJ 
C. AgNOJ . 
Light micrographs, x 550. 
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Plate 11.4. 
Heavy metal uptake in the transpiration stream of Tradescantia 
x andersoniana, II. 
A. Pb(No3)2 
B. Niso4 
C. Cuso4 
Light micrographs, x 550. 
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CHAPTER 12 · 
X-RAY MICROANAL YSES 
j INTRODUCTION 
In view of the fact that substomatal ion-adsorbent bodies 
can adsorb a wide variety of ea tions non-specifically (Chapter 11), and 
that the Macallum stain is based on cowl t, which is kn01m to become 
readily adsorbed onto the sites, it was decided to analyse potassium 
levels in the bodies and surrounding tissues by electron microprobe 
analyses. It was also decided to use this technique to establish 
whether the bodies can adsorb anions, notably chloride, ~1hich has been 
implica.ted in stomatal ion fluxes (Raschke & Fellows, 1971; Willmer 
& Pall as, 197l~; Penny et al. , 1976; Raschke, 1976). Like potassium, 
the standard histochemical stain for chloride is based on a cation, 
silver (Gersch, 1938; Gomori, 1952), which is readily adsorbed onto 
the bodies (Chapter 11). 
The X-ray.microanalyses were carried out on fresh material 
which was frozen in liquid nitrogen immediately before analysis 
(vide Chapter 2). It is considered that this very brief preparative 
procedure minimises ion loses when compared with the preparative 
procedures involving complete dehydration of the tissues as employed 
by Sawhney & Zelitch, 1969; Humble & Raschke, 1971; ~lillmer & Pallas, 
1974, and Dayanandan & Kaufman, 1975. 
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EXPERIMENTAL 
I . 
: Ion adso~bent capacity of ion adsorbent bodies 
Experiment 12.1. The capa.city of ion adsorbent bodies to 
adsorb cobalt, potassium, and chloride ions from an incuba.ting medium. 
This was a similar experiment to Experiment 11.14 (in part) 
except that the epidermal strips were incubated on 5% cobalt chloride and 
potassium chloride for ea. 15 minutes under a lOO 11 tungste:-1 lamp. 
After incubation, the strips were mounted ~1ith the side adjs.cent to the 
mesophyll uppermost on .an aluminium stub and analysed on the cryostage, 
Spectra'!. analyses of K ·emissions obtained are presented in 
a 
Figs. 12.1, and 12.2. The ion-adsorbent structures become very rich 
in chloride after the cobalt chloride treatment, whilst it is present 
within the guard cells in barely detectable quantities, There is no 
appreciable difference in the coba.lt levels within the ion-adsorbent 
bodies and guard cell lumen after the corolt chloride treatment. By 
comparison both potassium and chloride are taken up from the potassium 
chloride solution, but there are higher levels of both ions present 
at the ion-adsorbent sites .than in the guard cells. 
The results largely confirm the findings of Experiment 11.14, 
and a.lso provide evidence that both potassium and chloride are adsorbed 
by the ion-adsorbent bodies. The failure to demonstrate preferential 
adsorption of cobalt by the polar bodies, as is found with ,histochemical 
staining, is not unexpected since the beam voltage (15 KeV) is below the 
optimal level required to stimulate K emission by corolt. a. It is 
interesting that the chloride, in potassium chloride, is preferentially 
adsorbed by the polar structures whilst it is, apparently, not taken up 
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into the guard cells, although no explanation for this can be offered 
at present. These analyses were replicated on different epidermal 
strips and similar re:;ul ts trere obtained, 
Experiment 12.2. 'I'he capacity of the ion-adsorbent bodies 
to adsorb cobalt and chloride from the transpiration stream. 
As in Experiment 11.15A, leaf material was incubated in 5% 
(w/v) cobalt chloride for ea. 90 minutes under a lOO H tungsten lamp. 
An epidermal strip was then removed and analysed on the cryostage, 
Spectral analyses of K emissions ar.e presented in Fig. 12.), 
a 
The results are almost identical to those obtained in Experiment 12.1 
(c.f. Fig. 12.1). Again, chloride does not appear to be taken up 
into the guard cells, but, unlike the spectra obtained in Experiment 
12.1, there does appear to be significantly more cobalt present in the 
polar structures than in the guard cells. 
Experiment 12.). The relationship between cobalt and 
potassium levels in Macallum-treated epidermal strips. 
Epidermal strips from light-exposed P. vulgare pinnae were 
treated with 7,5% (w/v) modified Macallum stain (Chapter 2) and stored 
overnight in absolute ethanol before analysis on the cryostage the 
following morning. Three stomatal complexes were analysed at four 
locations, viz. the polar structures, the walls of the stoma, the body 
of the guard cell, and the body of the subsidiary cell. 
The results are presented diagrammatically in Fig. 12.4, 
in which the actual cobalt and potassium peaks are reproduced exactlyJ 
but have been cut off basally at the bremsstrahlung (background noise 
277 
level). The relative amounts of the elements present correspond to 
the area under _the peaks and not the height of the peaks. Direct 
comparison between the absolute amounts of cobalt and potassium present 
are not pern:issil!le, since they have different optimal excitatory levels. 
Helatively speaking, the amount of potassium in the body 
of the guard cells greatly exceeds that of cobalt; the cobalt exceeds 
the potassium in the polar structures and subsidiary cells {except n3); 
the amounts of potassium and cobalt are subequal in the lipa of the stoma. 
Most cobalt is found in the ion-adsorbent structures and subsidiary cells, 
and the least in the body of the guard cells. The distribution of 
potassium is exactly the converse, with most occurring in the body of 
the guard cell and the least in the polar structures and subsidiary cells. 
These results are extremely difficult to interpret. It must 
be emphasised that the triple salt resulting from the racallum treatment 
(vide Chapter 2) is virtually insoluble in absolute ethanol, whilst any 
free potassium remaining in the tissue after staining would probably 
have been leached out during storage in ethanol. It could be argued 
that the polar bodies and subsidiary cells have been 'drained' of 
potassium as it was taken up by the guard cells during stomatal opening. 
The moderate levels of potassium in the region of the the differentially-
thickened ridges of the stoma may indicate a store of the ion bound 
either naturally or as the triple salt in the apoplast of the cell 
wall 1-1here it would be readily available for uptake into the guard 
cells when required. The high cobalt levels in the polar structures 
are consistent with the results of previous experiments (Experiments 
11.14,.and 11.15); No correlation can be found between the relative 
levels of cobalt and potassium and the ratios between the two varies 
with the site of analysis. It is not possible, therefore, to evaluate 
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the specificity of the M~callum stain for potassium as had been hoped, 
l1ore meaningful results could be obtained using freshly stained epidermes, 
Hm1ever, even then, interpretation would be difficult a::> there are 
probably other exchange sites within the stomatal complex which are 
capable of adsorbing cobalt (e.g. starch grains; Plate 4.15). 
X-ray analyses of fresh stomatal complexes 
Experiment 12.4A. The distribution of elements in the 
~ard cell complex of fresh tissue, I. 
t-licroanalyses were performed on the ion-adsorbent body 
and body of the guard cell illustrated in Plate 5.8A, The plant from 
which the tissue was taken had been exposed to normal sunlight between 
06,JO and 10.00 h B.S.T., but subsequently had been kept in very 
sulxl.ued light of the electron microscope suite for 2 h prior to 
examination on the cryostage, The tissue had been kept in subdued 
light since, at the time, a search was being made for ion-adsorbent 
bodies and microanalyses had not been envisaged. The stomata were 
presumed to be almost closed judging from Plate 5.5, which was taken 
from the same plant just prior to electron probe microanalyses, 
12 • .5. 
The K emission spectra obtained are illustrated in Fig. 
a 
The most noticeable feature is that the ion-adsorbent body 
is particularly rich in potassium compared with the guard cell body 
which contains relatively little. This is to be expected if the ion-
adsorbent bodies act as the immediate sink/source of the potassium 
required for stomatal movements. If the assumption that the stomata 
were virtually closed is correct, it is likely that the potassium which 
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had been taken up by the cuard cells during earlier opening betwP-en 
o6.JO and 10.00 h, wouJ.d have been released from the guard cells during 
closure in the subdued light conditions prevailing in the electron; 
microscopy suite. The fact that potassium is present in considerable 
quantities in the ion-adsorbent bodies could indicate that this structure 
is the immediate sink for potassium during stomatal closure. 
Experiment 12.4B. The distribution of elements in the 
guard cell complex of fresh tissue, II. 
This is a repeat of the previous experiment, but carried out 
on plant tissue which had been given a light pretreatment (i.e. it had 
been placed on a window sill in the electron microscopy suite). The 
tissue Has analysed from the internal surface aspect. 
The relev-ct.nt emission spectra from the polar bodies, body 
- of-the guard~cel-1.., polar- subsidiary-cen-.-and-la teral-subsidiary cell 
are illustrated in Fig. 12,6. No definite conclusions can be drawn 
about the role of light-stimulated ion fluxes associated with storratal 
opening from these isolated spectra, especially since the tissue had 
been subjected to such a crude pretreatment. Significantly, the only· 
element which seems to vary appreciably between the different probe 
areas is potassium. The percentage distribution of potassium between 
the four sites analysed is illustrated diagramatically in Fig. 12.7, 
overleaf. 
From this figure, it can be seen that the potassium levels 
in the polar subsidiary cells > guard cells > lateral subsidiary cells 
>ion-adsorbent sites. It is assumed that the stomata were open at 
the time of analysis, and that the ion-adsorbent bodies act as the 
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.Fig. 12.?. 
The percentage distributicn of potassium 
in the stoma tr-:tl complex analysed in Fig. 12, 6. 
immediate sink/source for potassiwn during stomatal movements, the 
following interpretation could be placed on these values. 
Potassium could be taken up by the guard cells from the ion-
adsorbent bodies to bring about a reduction of osmotic potential to 
cause the stomata to open. This Hould mean that the potassium level. 
in the ion-adsorbent. bodies would fall whilst that of the body of the 
guard cell will rise, The potassium levels of the lateral subsidiary 
cells are also lower than those of the guard cells, which means that 
the latter will have an osmotic advantage and can expand into the lumen 
of the subsidiary cell. The high potassium level found in the polar 
subsidiary cell could have a dual effect. In the first instance, since 
their osmotic potential is presumably lor1er than that of the guard 
cells, they coUld act to prevent any tendency for the guard cells to 
distend longitudinally and could, in addition, enhance the lateral 
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expansion of the guard celle into the lateral subsidiary cells by 
a.pplying a positive pressure to the polar cell wans of the guard 
cells. Secondly, it is becoming appa.rent that the polar subsidiary 
cells a:re·p:J.rticularly important in the stoma tal mechanism. In 
Chapter J, it was shown that the trabeculae connect the polar bodies to 
the pola.r subsidiary cells, and that cobalt-rich (indicative of 
potassium ?) vesicles occur in these cells which have been observed 
in direct contact with the region of the ion-adsorbent body, 
These electron microprobe analyses confirm that the polar 
subsidiary cells are particularly rich in potassium. Therefore, these 
cells may be an ultimate source/sink of potassium involved in stomatal 
movements. It has already been established (Chapter 4) that it is 
very unlikely that the guard cells are symplastically continuous with 
the subsidiary cells. If there is a potassium flux between the guard 
and subsidiary cells, then it must involve an apoplc:.stic pattnmy. It 
does seem plausible, therefore, that the ion-adsorbent bodies act as an 
immediate .sink/source for the potassium involved in stomatal movements. 
Their strategic position, next to the potassium-rich polar subsidiary 
cells, suggests that excess potassium accumulating at the bodies during 
stomatal closure could be passed to the polar subsidiary cells. 
During stomatal closure, the ion-adsorbent bodies could retain a 
reservoir of potassium which could provide the ions required for 
'night-opening' (vide Porometry - Chapter 11). Similarly they could 
provide the potassium required for normal stomatal opening, so that as 
the bodies become depleted of potassium during opening, they could be 
replenished with ions from the vesicular system via the trabecular 
system of the polar subsidiary cells. This interpretation is not 
proven, but is consistent with the state of the potassium distr:i:bution 
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observed ~n the present X-ray microanalyses. Such an ii1tcrpreto.tion 
would establish the functional significance of the ion-adsorbent sites 
as a reservoir of ions for stomatal movements. 
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Fig. 12.1. 
X-ra.v microana.lyses of isolated epidermis of Tradescantia pallidus 
incuba.ted on a. :J!, solution of coba.l t chloride. 
Analyses were carried out at 1.5 KeV for lOO s; 0 take off angle - J.5 • 
The peak to the extreme left of the spectra is of extraneous 
aluminium. 
a. Spot analysis on ion-adsorbent body. 
b. Spot analysis on guard cell. 
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I<'ig. 12.2. 
X-ray microanalyses of isolated epidermis of Tradescantia pallidus 
incubated on 5% solution of potassium chloride. 
0 Anll.lYSf)S Here carried out at 1!.5 Ke V for lOO s; take off angle - J.5 • 
The .peak to the extreme left of the spectra is of extraneous 
aluminium. 
a. Spot analysis on ion-adsorbent body. 
b. Spot analysis on guard cell. 
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Fig, 12.}. 
X-ray microanalyses of isolated epidermis of Tradescantia pallidus fed 
with 5% cobalt chloride through its transpiration stream. 
Analyses were carried out at 1:5 KeV for lOOs; take off angle - J5°. 
a. Spot analysis on the ion-adsorbent· body, 
b. Spot analysis on guard cell. 
I 
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Fig. 12.4. 
X-ray analyses of isoiated epidermes of Polypodium vulgare treated 
with ?,j% modified ~acallum stain. 
The analyses are from four locations in the guard cell complexi 
A - ~lalle of the stoma, 
B - Body of the guard cell, 
C - Ion-adsorbent body, and 
D~- Subsidiary cell. 
The subscript numeral following the above codes relates to the sample 
number - three complexes were analysed at 18 KeV for lOO s with a take 
0 
off angle of )5 • 
The peaks have been cut off at the bremsstrahlung basally. The cobalt 
peaks are black; the potassium peaks white. The cobalt and potassium 
peaks are not directly comparable since they have different critical 
excitation levels. 
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X-ray analyses on fresh stomatal complex of Tradescantia pallidus, I. 
This is a spectral analysis of the specimen illustrated in Plate 5.8A. 
0 Analyses were carried out at 15 KeV for 100 s; take off angle - 35 • 
The alUminium peaks are of extraneous origin. 
a. Spot analysis of the ion-adsorbent body. 
b. Spot analysis of the guard cell. 
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Fig. 12,6, 
X-ray:analyses on fresh stnmatal CC"mpleX ofTradescantia pallidus, II. 
Analyses Here carried out at 15 KeV for 100 s; . 0 take off angle - 35 • 
a. Ion-adsorbent body. 
b. Guard cell. 
c. Polar ·subsidiary cell. 
d. lateral subsidiary cell:. 
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' 
GENERAL DISCUSSION ON SUBSTOMA TAL 
.ION-ADSORBENT BODIES 
The work presented in this thesis has involved a llide range 
of techniques llhich have been directed towards the elucidation of the 
structure and function of localisations of l'.acallum's histochemical 
stain for potassium (~~callum, 1905) at the poles of guard cell complexes 
in certain plants. 
The anatomical and morphological studies indicate that the 
polar localisations of the racallum stain are consistent with the 
presence of an extracellular body situated between the guard cell wall 
and the underlying endocuticle on the inner face of the gt~rd cell 
complex. The gross morphology of the polar structures has been shown 
to differ between Polypodium vulgare and Tradescantia pallidus, and a 
brief survey of the plant kingdom indicates that further types may 
exist in Dianthus and r.aranta. 
---
In P. vulgare, the polar body is 
attached to the external face of the loHer periclinal walls of the guard 
cell complex, at either pole, so that it lies below the complex and is 
covered by the endocuticle. In Tradescantia spp. the polar body does 
not appear to be associated with any particular cell wall, but is located 
within the intercellular space between the pole of the guard cell 
complex and the adjacent subsidiary cells. As in P. vulgare, the body 
is covered beneath by the endocuticle. An additional feature found 
in Tradescantia is that the lower periclinal walls of the guard cell 
complex contain a system of intramural lamellar spaces which appear to 
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be filled with a potassium'-rich medium. In both species, the polar 
bodies are associated· ,with endocuticular trabeculae which may act as 
apoplastic channels linking the guard cells with the su....""Tounding 
epidermal tissue. These structures are of particular interest since 
no evidence has been found to show that the guard cells are connected 
symplastically to adjacent cells with plasmodesmata. Consequently, 
they may play·an important role in intercellular transport to and from 
the guard cell complex. 
Ultrastructural studies indicate that, in P. vulgare, the 
polar bodies are of a hollow sac-like structure ~1hose walls are 
contiguous ~li th the outer layers of the cell wall. A brief 
investigation into the chemical nature of the bodies confirms this 
vie~1 and suggests that they are largely pectinaceous. This is 
substantiated by a study of the morphogenesis of the bodies in 
P. vulgare in which they were found to be formed at an early stage of 
stomatal ontogeny and appear to result from the migration of 
superficial elements of the developing lor1er periclinal cell rlalls. 
Functional studies on the polar bodies indicate that they 
are capable of non~selectively adsorbing a variety of ions of different 
valencies. It is because of this characteristic that the structures 
are referred to as substomatal ion-adsorbent bodies. The close 
proximity of the bodies to the stoma tal complex means that they must 
have at least an indirect effect on transpiration and the stomatal 
mechanism. The bodies are capable of adsorbing certain ions from the 
transpirational stream when the ions are supplied at supra-physiological 
levels. Their involvement in the stomatal mechanism is still 
unsubstantiated since it has been impossible to correlate stomatal 
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move·ments with .potassium ]evels in either the ion-adsorbent bodies 
or the e;uard cells using !'li ther the ·basic Ha.callum stain (~lacallum, 1905) 
or its modified form ~Chapter 2). Prelliminary investigations on the-
potassium levels using X-ray microanalysis are more promising. Using 
this technique it was possi•ble to show that the polar .bodies adsorb 
potassium and chloride ions from a bathing medium and/or the 
transpiration stream (Chapter 12). 
As redundancy is rare in nature it is possible that the ion-
adsorbent 'bodiesdescr:i!bed here fulfil some function(s) in the plants 
.trhich possess them. Their intirrate association with the guard cell 
complex suggests some involvement in stomatal movements. Although 
considerable information has been obtained on the physical and chemical 
nature of the ion-adsorbent bodies in the present study, few of the 
observations relate directly to their physiology and this obviously 
makes. it difficult to produce a definitive model for their functioli. 
Undoubtably a plethora of plausible models colild be produced and by 
judicial, or .biased , use of the literature some evidence to support 
these models could be produced. Such an exercise is pointless and, 
therefore, only three models, which at least seem plausible have been 
selected for detailed consideration. 
\ HYPOl!HETICAUROLE AS HUMIDITY SENSORS 
The stomata of P. vulgare have been shown to respond very. 
rapidly to changes in humidity (Losch, 1977). Losch predicts that the 
guard ceHs :ln this species possess some system capable of'acting as a 
very sensitive humidity sensor. It is possible that the bodies 
described here are the morphological expression of such a system •. 
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This could act in th.J follm~ing way. Tra.nspirational ~1ater loso is 
known to be ma":idmal f:com a::.:eas immediately adjacent to the :;;tomata 
(Meid.ner, 1975; Sheriff & Heidner, 1975; Byott & Sheriff, 1976). 
The topography and the physical state of the bodies, which are located 
in this critical position, could acc~utuate such loss making them 
prime sites for transpiration. 'rhis is perhaps . ·substantiated by 
the ice deposits observed at these sites (Plate 5.7B). 
Under conditions of low relative humidity, }1igh evaporative 
loss will lead to the concentration and accumulation of solutes at 
these sites, which will tend to reduce, or at least delay, further 
transpirational loss. Thus even relatively small increases in 
overall ~vaporative loss could·lead to a considerable increase in 
solute accumulation at these sites. Certainly these sites have been 
shown to accumulate many different solutes (Chapters 11 and 12). Such 
accumulation would cause the solute potential to fall in this critical 
region of the apoplast leading to osmotic loss by the guard cells and 
a tendency tm1ards stomatal closure, decreasing further transpirational 
losses. Under conditions of high humidity, the above tendencies would 
be reversed. 
By exaggerating changes in solute accumulation associated 
with changes in transpirational loss at these critical sites, the 
guard cells would be provided with a system capable of sensing small 
changes in humidity and triggering the rapid stomatal response 
observed by Losch (1977). Whether these bodies could act in a similar 
way in plants other than Polypodium is far from clear, but it could 
I 
I 
be anticipated that.they would always tend to react to conserve water 
at times of high evaporative loss. 
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However, the above system assumes that the accumulating 
solutes are free to exert an osmotic effect. Adsorption by the bodies 
could effectively reduce, i£ not completely negate, the effect although 
it could be argued that selective adsorption of ions (potassium) known 
to stimulate opening could enhance stomatal closure under conditions of 
low hwnidity whilst selective release at; higher humidities could 
support opening. The most serious critiscism of such a system is 
that the work carried out so far indicates that accumulation at these 
sites results only from adsorption and does not arise from a passive 
deposition accompanying evaporative loss. For example, preliminary 
· :Lnvestigations indicate that lead-EDTA chelate, which is uncharged, 
does not accumulate at these sites and unless future work can shoH that 
various uncharged solutes can be accumulated here, the above hypothesis 
must be discounted. 
HYPOTHETICAL ROLE IN DETOXIFICATION 
The capacity of ion-adsorbent bodies to adsorb a wide range 
of·ione (Chapters 11 and 12) would tend to protect the delicate stomatal 
mechanism from possi!ble harmful effects of potentially toxic ions 
carried in the transpiration stream, or adsorbed from foliar 
pollutant contact. This may be of considerable importance since 
several elements including cobalt (Meidner &.Willmer, 1975), iron·and 
tin (Harsh & Sen, 1974), and aluminium (Schnabl & Zeigler, 1975; 
Schnabl, 1976) have been shown to modify stomatal responses. 
i HYPOTHETICAL ROLE AS POTASSIUM RESERVOIRS 
There is a considerable body of evidence implicating 
potassium in the stomatal mechanism (vide Chapter 1). Whilst Raschke 
· & Fellows (1971) conclude that the ion fluxes associated with stomatal 
movements are restricted to the guard and subsidiary cells in maize, 
and possibly other graminaceous types, the evidence of Penny & Bo1iling 
(1974) and ~lillmer & Pallas (1974). suggests that~ more extensive fluxes 
exist within the stomatal complex and surrounding epidermal cells in 
Commelina communis. 
Ion movements beh1een the guard· and immediately adjacent 
epidermal cells must pass through the apoplast because of the absence 
of syniplastic channels (i.e. plasmodesmata, Chapters 1 & l~). The 
apoplastic location of the ion-adsorbent bodies at the poles of the 
guard cell complex, places them in a strategic position for direct 
participation in the potassium fluxes associated with stomatal movements. 
Since the ion-adsorbent bodies are capable of holding considerable 
quantities of ions, including potassium (Chapter 12), their most likely 
function would be to act as dynamic reservoirs for the ions involved 
in these fluxes. 
In the Commelinaceae, there may be at least two elements 
associated with stomatal ion fluxes. One, which has been evaluated 
by Penny & Bo~1ling (1974) and Hillmer & Pallas (1974), may be involved 
in long distance transport. The other, centred on the ion-adsorbent 
bodies, may be involved in short distance transport. The two elements 
probably work in concert, with the short distance element functioning 
within the framework of the long distance element: the ion-adsorbent 
bodies fulfilling the.function of an ion reservoir. The advantage of 
such a system would be that the bodies act as an immediate sink/source 
for short distance ion fluxes into and out of the guard cells which 
would be particularly useful for transient stomatal movements. In 
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yicia faba, 1qhich lacks substomatal ion-adsorbent siteP.-., Raschke (1976) 
estimates that the apoplast of. the epidermis is much too: smu.ll to act 
as the total source .of potassium to support stoma tal opening but, in 
plants 1~hich possess c·them, the ion-adsorbent bodies would represent a 
consider&ble expansion to this apoplastic reservoir. 
Concomitant with the potassium uptake required for 
stomatal opening, organic acids are imported or, more likeJ.y, 
synthesised Hi thin guard cells to maintain electroneutra.li t.y. Nalate 
and aspartate are considered to be the most important counterions 
(Allatlay, 1973; Fallas & \·!right, 1973) with ~T~E..la te counterl::alancing 
approxiir.ately 5(1}6 of the potassium in the open guard cells of Vicia 
~ (Alla~1ay, 1973). That malate synthesis occurs in gUP.rd cells was 
substantiated by the tmrk of Hillmer et al. (l973a) who detected high 
levels of phosphoenolpyruvate carboxylase activity in C. communis 
epidermes, and 1·/illmer et al. (l973b) who found that high levels of 
malic enzyme and NADP-malate dehydrogenase. also occurred in these tissues. 
Furthermore, it Has demonstrated that protons were excreted in sufficient 
quanti ties from guard cells to balance the influx of potassium/sodium 
ions during stomatal opening (Racchke & Humble, 1973; Raschke & Pierce, 
1973). 
It is suggested that a potassium/proton exchange could 
occur at the binding sites of the ion-adsorbent body, and that it is 
the excretion of protons by the guard cells that initiates the release 
of potassium and thus stimulates the production of a pool of readily 
available potassium to support stomatal opening. 
In addition to these short distance ion exchange events, the 
long distance element of the ion flux system could be initiated by. 
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active transport .of potassium out of the subsidiary anrl_ epidermal ceH 
symplasts into the apoplast. The potassium released from these sites 
would be transported to the .guard cells via the apoplast and an uptake 
of potassium in excess of proton output could contribute to the rise 
I in pH of the guard cells Hhich accompanies stomatal opening (Heidner & 
1-
Mansfield, 1968) . Any potassium not taken up by the guard cells could 
be bound onto the ion-adsorbent body, although the rrajor phase of 
potassium replenishment would be expected to oc.cur with the efflux 
of ions from the guard cells during ,stoma tal closure. 
In addition to a ro1e in actual stoma tal movements, the 
bodies could be involved in SJXl.nnungsphase (Stalfelt, 1929), which is 
the preparative phase preceding opening· in the diurnal rhythm of 
stomatal movements. The existence of Spannungsphase, in 
Tradescantia virginiana (= x andersoniana), has recently been confirmed 
by 11eidner & ~~dwards (1975) and Edwards et al. (1976), who suggest that 
preparatory processes could include a 'softening' of the guard cell 
walls resulting from the exchange of potassium for calcium in the cell 
walls. During_Spa.nnungsphase, bound calcium could be exchanged for 
potassium from the ion-adsorbent body, a situation which is possi,bly 
reflected in Fig. 12.6a, in which the.body contains a significant level 
calcium. This exchange may be particularly important in Tradescantia 
since it is suggested (Chapter J) that the intramural lamellae which 
exist within the guard cell walls may be pectin-rich. In this way 
the ion-adsorbent body could be instrumental in rendering the guard 
cell walls more flexible in preparation for stomatal opening. 
In the foregoing discussions the hypothetical role of the 
the ion-adsorbent bodies has been considered in general terms in 
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in respect of established aspects of stomatal behaviour. H01~ever, it 
is possible tha.t the ion-adsorbent bodies ·could be involved in a more 
direct shuttle of ions to and from intracellular sites of accumuil.ation 
within subsidiary cells. 
'!he polar subsidiary cells have been sh01-m to be closely 
associated with the bodies in the Commelinaceae by virtue of their 
location (Chapters J, 4, and 5), potassium-rich vesicles ~Chapter J),. 
trabeculae (Chapters J, and 5), and by X-ray microanalyses ~Chapter 12). 
These cens contain a relatively higher concentration ·Of potassium 
than the inner lateral subsidiary cells when the stomata are closed, 
and a relatively lower concentration when the stomata are open {Penny 
& Bowling, 1974). This is rather difficult to interpret when it is 
considered that the polar subsidiary cell interface with the guard cell 
complex is extremely small when compared with that of the inner lateral 
subsidiary cell/gtard cell interface. If ions flux equally in all 
directions into and out of the guard cell complex, one would expect 
the polar subsidiary cell potassium levels to be much higher when the 
stomata are open, and lower ~rhen the stomata are closed (i.e. the reverse 
situation to that found by Penny & Bowling, 1974). This anomalous 
situation could indicate that the polar subsidiary cells play a more 
specialised role in stomatal movements than other subsidiary cens. 
. . . 
1 FURTHER STUDIES 
The prime aim of the next phase .of research into 
substomatal ion-adsorbent bodies must centre on their hypothesised 
role in stomatal functioning as reasoned in the preceding discussion. 
Their suggested role as ion reservoirs can only be substantiated by· 
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very accurate analyses e.nd it is believed that only X-ra;y microanalytical 
techniques can provide suffichmtly accurate data to quantify ion fluxes 
associated ~lith stomatal movements. The first step in any further 
work must be the comparison of potassium levels within the constituent 
cells of the stomatal complex and the ion-adsorbent bodies when the 
stomata are fully open, when they are fully closed, and during the 
opening process. Results from such analyses should unequivocably 
confirm, or repudiate, the hypothesis proposed in the preceding 
discussion. If confirmati0n is obtained, detailed analyses should 
then follow into specific aspects. of stomatal behaviour in order to 
build up a comprehensive picture of the role of ion fluxes in stomatal 
movements. Such studies should include the determination of ion 
fluxes in relation to stomatal movements induced by a variety of 
chemical and environmental agents. 
However, it must be borne in mind that such studies, 
useful as they might be, should-be paralleled by similar analyses in 
plant species which apparently lack the structures. In this way, it 
should be possible to determine what advantage(s) substomatal ion-
adsorbent bodies confer on those species which possess them, and at 
the same time may lead to the identification of the structure(s) and/or 
system(s) which replace them in other species. 
299 
-.,~-~. 
St,not'u:tEt! ~nd f.Uilot~t1!rm 
. .. . .. ._ 
""" ' ... .. .. 'I "' #. "' 
of stomata . In ~later deficits and plant growth , Vol. Ill. 
Ed. Kozlowski, T.T. Aca.demic Press; Lon'!_on~ Ne~ York, 
/·.REFERENCES 
Allaway, W.G, 197}. Accumulation of malate in guard cells of Vicia 
faba during stomatal opening. Planta (Berl.), !!Q, 63~70. 
Allaway, 14. G. , & Hsiao, T. C., 1973. Preparation of rolled epidermis 
of Vicia faba. so tha.t stomata are the only viaule cells: 
analysis of guard cell potassium by flame photometry. 
Austr. J. bioL Sci., 26, 309-318. 
Allat1ay, H.G., & Setterfield, G., 1972. Ultrastructural observations 
on guard cells of Vicia fal:a and Allium porrum. 
Canad. J. Bot., .2Q, 140.5-1413. 
Arntzen, C.J ., Haugh, M. F., & Bobick, S., 1973. Induction of stomatal 
closure by Helminthosporium maydis. Plant Physiol., ~ • 
.569-.574. 
Aylor, D.E., Parlange, J.:-Y., & Krlkorian, A.D., 1973. Stomatal mechanics. 
Amer. J. Bot., 60, 163-171. 
Faker, · J .R. , 1947. Further remarks on the histochemical recognition 
of lipine. Quart. J. Hicroscon. Sci., 88, 463-46.5. 
Faker, J.R., 19.58. Principles of biological microtechnigue. A study 
of fixation and dyeing. Methuen, London. 
Earanova, M.A., 197.5. Classification of ontogenetic types of stomata 
(to the issue of the publication by Fryns-Claessens and 
van Cotthem). Bot. Zhur., 60, 280-297 (in Russian). 
Benecke, W., 1892. Die Nebenzellen der Spaltoffnungen. Bot. Zeit., .2Q 
.521-529, 537-546, 553-562, 569-578, 58.5-593. 601..,607. 
300 
Braconnot, H., 1825. Nouvt:lles observations sur 1 'acide pectique. 
_hnn. Chim. Phys., lQ., 96-102. 
Brody, I., 1959 J. U1 trastruct. Res. , ~. 482. 
Brown, H. V., & Johnson, C., 1962. The fine structure of the gtass guard 
cell. Amer, J. Bot., ~. 110-115. 
Burbano, J.L., Pizzolato, T.D., !1orey, P.R., & Berlin, J.D., 19'?6. 
An application of the Prussian Blue technique to a light 
microscope study of water movement in transpiring leaves 
of cotton (Gossypium hirsutum L.). J. exp. Bot., ~. 
lY+-144. 
Byott, G.S., & Sheriff, D.H •. , 1976. Hater movement. into and through 
Tradescantia virginiana (L.) leaves. J. exp. Bot.,~ 
6)4-639. 
Cain, A.J., 19t~7. The use of Nile Blue in the examination of lipids. 
Quart. J. Nicroscop. Sci., ~. 73-112. 
Campbe11, D.H., 1881. On the development of the stomata in Tradescantla 
and Indian> corn. Amer. Nat,, !l. 761-766. 
Chafe, S.C., 1970, The fine structure of the collenchyma cell wall. 
Planta (Berl. ) , 2Q, 12-21. 
Chafe, S.C., & \'iardrop, A.B., 1972. Fine structural observations of 
the epidermis. I. The epidermal cell wall. Planta (Berl. ) , 
107, 269-278. 
Co11ewijn, H., 1963;. Thesis, University of Amsterdam. 
Crisp, C.E., 1965. PhD Thesis, University of California, Davis. 
Crout, J.R., & Jennings, R.B., 1957. An improved histochemical method 
JOl 
for the demonctration of potassium. J. cytochem. histochem., 
2· 170-177. 
Dave, Y.S., & Patel, N.D., 1976. Structure of stomata.l complexes in 
Pedilanthus tithymaxoide~ POIT. Ill. Flora (Jena), 165, 
235-241. 
Dayanandan, P, & Kaufman, P.B., 1973. Stomata ih Equisetum. 
Canad. J. Bot., ,lt, 1555-1564. 
Dayanandan, P., & Kaufman, P.B., 1975. Stomatal movements assod.ated 
with potassium fluxes. Amer. J. Bot., 62, 221-231. 
De Michele, D.~l., & Sharpe, P.J.H., 1973. An analysis of the mechanics 
of guard cell motion. J. theor. Biol., 41, 77-96. 
De Thomasi, J.A., l9J6. Stain Tech., 11, lJ7. 
Dittrich, P., & Raschke, K., 1977. f~late metabolism in isolated 
epidermis of Commelina communis L. in relation to stomatal 
functloning. Planta (Berl. ) , ;Q!±,, 7'?-81. 
Drawert, H., 1942. Beobachtungen an den Spal toffnungen und den 
Blatthaaren von Tradescantia virginica L. Flora (Jenal, 
m. JOJ-318. 
Edwards, H., Meidner, H., & Sheriff, D.W., 1976. Direct measurements 
of turgor pressure potantials of guard cells. II. The 
mechanical advantage of subsidiary cells, the Spannungsphase, 
and the optimum leaf water deficit. 
163-171. 
J. exp. Bot., ,gz, 
Einhellig, F.A., & Kuan. L., 1971. Effects of scopoletin and chlorogenic 
acid on stomatal aperture in tobacco and sunflower. 
Bull. Torrey bot. Club,.~. 155-162. 
302 -
Esiu, K., 196.5, Plant A~stomy, ed 2. John Hiley, New York. 
Fischer, R.A., 1968, Stomatal opening: role of potassium uptake by 
guard ceHs. §cience (Nelv York); 160, 7fli+-785. 
Fischer, R.A., & Hsiao, T.C., 1968. .Stomatal opening in isolated 
epidermal strips of Vicia faba. II. Response to KCl 
concentrations and the role of potassium absorption. 
Plant. Physiol., ~. 1953-1958 
Florin, R., 1931. Untersuchungen zur Stammesgeschichte der 
Coniferales. und ·Cordaitales. K. Svensk. Vet, Akad. Handl.,. 
Ser. 3., 10, 588pp. 
Florin, R., 1933. Studien ub8r die Cycadales des !1esozoikums ••• 
· Erorterungen uber die Spaltoffnungsappara te der Bennet ti tales. 
K. Svensk. Vet. Acad. Handl., 12, 1-1}4 
Franke, H. , 1960. Uber die Beziehungen der Ektodesmen zur Stoffauf-
nahme durch Blatter. 2 Mit: Beobachtungen an Helxine 
soleirolii Req. Planta (Berl.), 2.2.• 533-.541. 
Franke, H., 196la, Ectodesmata and foliar absorption. Amer, J. Bot., 
48, 683-691. 
Franke, W., 196lb. Tropfchenausscheidung und Ektodesmenverteiiung 
in Zwiebelschuppenepidermen. Ein Beitrag zur 
Ektodesmenfunktion, Planta (Berl.), 2Z• 266-283. 
Franke, W., 1962. Ektodesmenstudien, 1. l1itt: !Jber pilzformig 
erscheirtende Ektodesmen. Krittische Abhandlung uber das 
Wesen der Ektodemen. Planta (Berl.), ~. 222-2}8, 
Franke, W., 1964a, The entry of solutes into leaves by means of 
ectodesmata, 7th Ann. Symp. Amer. Soc. Plant Physiol,, 
JOJ 
Emory Uni v. , 9 5-111. 
Franke, W. , 1964b. On the role of .guard cells in foliar absorption. 
Nature (Lond,), 202, 1236-1237. · 
Franke, ~1., 1967. EktodtJsmen und' die peristomatare .Transpiration. 
Planta (Berl. ), n:, 138-1_54, 
Franke, W., 1969. Ectodesmata in relation to binding sites for 
inorganic ione on isolated cuticular membrane surfaces. 
Amer. J. Bot., ]6, 432-4)5. 
Fryns-Claessens, E.·, & Van Cotthem, W., 1973. 
the ontogenetic types of -stomata. 
A new clas~:;i.fication of 
·Bot. Rev., 2.2_, 71-138. 
Fujino, M., 1967. Role of adenosinetriphosphateand adenosinetriphosph-
atase in stomatal movement~ Sci. Bull. Fac. Educ. Nagasaki 
Univ., 18, 1-47. 
Fujino, ~!. , & Jinno, N. , 1972. The fine structure of the guard cell 
of Commelina communis. L. Sci. Bull. Fac. Educ. Nagasaki 
Univ., ~. 101-111. 
Gaff, D,F., Chamber, T.C., &Ma.rkus,_ K., 1964 .• Studies in extrafasc-
icular movement of water in the leaf, Aust, J. Biol. Sci., 
!Z· 581-586. 
Gersch, I, 1938, Improved histochemical ·stain for chloride, phosphate-
·carbonate, and potassium applied to skeletal muscle, 
Anat. Record, ZQ, 311-329, 
Gomori, G., 1952. Microscopic histochemistry, principles and practice. 
Univ. of Chicago _Press, 
Gregory, F.G., & Pearse, H.L., 19J4, The resistance porometer and its 
Jo4 
application to the study of stomatal moveme11t.. 
Proc. Roy. Soc.J E..L_ U4, 477-493. 
Harsh, L,N., & Sen, D. N., 1974, Further observations of cation-
stimulated stomatal opening in isolated epidermal peelings 
of Asphodelus tenuifolius CAV and Allium cepa L. 
Biochem. Physiol. Pflanzen, 165, 216-219. 
Hatch, M.D., & Slack, C,R,, 1970. The c4-dicarboxylic acid pathway 
of photosynthesis. Progr. Phytochem., ~. 3.5·ol06. 
Heath, O,V.S., 1938. An experimental investigation of the mechanism 
of stomatal movement, ~1ith some preliminary observations 
upon the responses.of guard cells to 'shock'. 
New Phytol., _2, 385-395. 
Heath, O.V.S., 1939. Experimental studies of the relation between 
carbon assimilation and stomatal movement. I. Apparatus 
and technique, Ann. Bot., J, 469-495. 
Heath, O.V.S., & Russell, J,, 1951. The ~lheatstone bridge porometer. 
J. exp. Bot., ~. 111-116. 
Heber, U., 1969. Conformational changes of chloroplasts induced by 
illumination of leaves in vivo. Biochem, biophys. Acta, 
1-§Q, 302-319. 
Heller, F.O., Kausch, W,, & Trapp, L., 1971. UV-mikroskopischer 
Na.chweis von Strukturanderungen in Schliesszellen von 
Vicia faba. Naturwissenschaften, ~. 419 
Horton, R.F., & Moran, L., 1972. Abscisic acid inhibition of potassium 
influx into stomatal guard cells. 
66, 19)-196. 
305 
z. Pflanzenphysiol., 
Hotchldss, n.D., 1948. A microchemical reaction resulting in the 
staining of polysaccharide structures in fixed tissue 
.preparations. Arch. Biochem., 16, lJl-Ilj.l. 
~':. 
Hsiao, T.C., 1973, Plant responses to water stress. 
·Ann. Rev. Plant Physiol., 24, 519-570. 
Hsiao, T,C,, 1976. Stomatal ion transport. In Encyclopedia of 
plant physiology, (N.S.) Transport in plants II, Part B 
Tissues and organs. Eds. U. Luttge & Pitman, N.G. 
. . 
Springer, !Jerlin-Heidelberg-New York. 
Humbert, C., & Guyot, H., 1972. Cytophysiologie Vegetale.- 11odifications 
ultrastructureles des cellules stomatiques d'[lnemia 
rotundifolia Schrad. C. R. Acad, Sci., Paris, 274, 
J8o-J82. 
Humble, G.D., & Raschke, K., 1971. Stomatal opening quantitatively 
related to potassium transport. Evidence from electron 
probe analysis. Pla.nt Physiol., 48, 447-453. 
Imamura, s., 194J. Untersuchungen uber den 11echanismus der Turgor-
schwankung der Spal toffnw1gsschl iesszellen. Jap. J. Bot,, 
g. 251-346. 
Inamdar, J.A., Pa.tel, K.S., & Patel, R.C., 197J. Studies on 
plasmodesmata in the trichomes and leaf epidermis of some· 
Asclepiadaceae. Ann Bot., JZ, 657-660. 
Jensen, 1'/.A., 1962. Botanical histochemistry: Principles and practice. 
W.H. Freeman & Co., San Francisco & London. 
Johansen, D.A., 1940. Plant microtechnique. McGraw Hill, New York. 
J06 
Ka.ufman, ·P,B,, Petering, L.B'.,, Yoc11m, C~S., & Ba.ic, D., 1970, 
urtrastructural studies on stoma.tal development in internodes 
of' Avena sativa,, A mer. J. Bot. , :ilo JJ'-49, 
Kertesz, Z.I., 1951. The pectic .. substances. Interscience Publishers 
·Ltd., London. 
Kieni tz-Gerloff, F. , l189l. Die Protoplasmaverbindungen zwischem 
oonachberten Gewebs!l..ernenten in der Pf'lanze. Bot •. Ztg., 
~. 17-26, 49-60. 
Laetsch, H.N., 1968, Chloroplast specialization in dico'tyledons 
possessing the cl~""'dicarboxylic acid pathway of photosynthetic 
co2 fixation. Amer, J. Bot. , .2.2.. 875..;88). 
I:.aetsch, ~1. H. , 1972. Chloroplast struc.tural relationships in leaves 
of Cl~ plants, In Photosynthesis and photorespira.tion, 
F..d. N.D. Hatch, Osmund, C.·B., & Slatyer, R.O. 
WHey Interscience, New York. 
Lane, S,D.,, & Nartin, F.:.s., 1977. A histochemical investigation of 
Cl.ea.d uptake in Raphanus sativus, Netr Phytol., (in Press). 
Lange, O.L., Losch, R,, Schulze, E.-D., & Kappen, L,, 1971. Responses 
of stomata to changes in humidity, Planta (Berl. ) , lOO, 
76-86. 
Litz, R.E., & Kimmins, \~.c., ·1968. Plasmodesmata between guard cells 
and accessory cells. Can. J. Bot., 46, 160J-16o5. 
Lloyd, F.E., 1908. The physiology of stomata. Publ. Carnegie Instn., 
~lash., 82, 1-142. 
Lloyd, F..E., 1925. The cobalt sodium hexanitrite reaction for 
potassium in plant cells, Flora (Jena), !!2,, J69-J85. 
J07 
Losch, R., 1977. R~spor.ses of stomata to environmental factors -
Experiments with isolated epidermal strips of Polypodium 
vulgare. I. Temperature and humidity. Oecologia (Berl. ), 
£2., 85-97. 
Macallum, A.B., 1905. On the distribution of potassium in animal and 
vegetable cells. J. Physiol. (Lond.), ~. 95-128. 
l>lansfield, T.A., & Jones, R.J., 1971. Effects of abscisic acid on 
potassium uptake and starch content of stomatal guard cells. 
Planta (Berl. ) , 101, 147-158. 
Mansfield, T.A., Nartin, E.S., & ~!eidner, H., 1973. The sun and the 
stomatal ap:IRratus~ AFEDI!:S, V .12, 1-10 (UNESCO, Paris). 
Mansfield, T.A., & IHllmer, C.M., 1969. Stowatal responses to light 
and carbon dioxide in the Hart's-tongue fern, Phyllitis 
scolopendrium NEH~!. New Phytol., 68, 6)-66. 
Martin, E.S., & Meidner, H., 1971. Endogenous stomatal movements in 
Tradescantia virginiana. New Phytol., 70, 923-928 
Martin, E.S., & Neidner, H., 1972. The phase-response of the dark 
stomatal opening in Tradescantia virginiana to light and 
dark treatments. New Phytol., Z!• lo45-1054. 
Martin, E.S., & Meidner, H., 1975. The influence of night length 
on stomatal behaviour in Tradescantia virginiana. 
New Phytol., Zl• 507-511. 
Martin, J.E., & Juniper, B.E., 1970. The cuticle of plants. 
Edward Am old, London. 
Mc~lanus, J .F.A., 1948. Histological and histochemical uses of 
periodic acid. Stain Technol., ~. 99-108. 
JOB 
Meidner, H., 1975. WateJ~ supply:, evaporation, and vapour diffusion 
in leaves, J,, exn. Bot,, 26, 666..;67). 
Meidner, H., .& Edwards, M.,, 1975. Direct .measurements of. turgor 
pressure potentials of guard cells, I. J. exp. Bot., 
26, )19-JJO, 
Meidner, H.,, & · · Mansfield, T.A,, 1968, 
McGraw-Hill, London. 
Meidner,; H., & 1n11mer, C. M., 1975. 
Physiology of stomata. 
Mechanics and' metabolism of guard 
cells. Commentaries in plant science, -rr, 1..;1'5· 
Metca1fe, C.R., 1961. The anatomical approach to systematics, 
General introduction with speciaiJ: reference to recent work 
on monocotyledons. In Recent advances in Botany. 
University of Toronto Press, Toronto. 
Michaelis, L., & Grannick, S,, 1945. J. Amer. chem Soc., 67, 1212, 
·Michnie~licz, M., & Rozej, B., 1974. Stimulation of transpiration rate 
in bean plants by ferulic acid, Naturwissenschaften,_ 
l· 1-2. 
MHthorpe, F.L., 1969. The significance arid mechanism of stomatal 
movement. Austr. J. Sci., ;g, Jl-)5. 
l.firos1avov, E.A., 1966. El:ectron microscopic studies of the stomata 
of rye leaves, Secale cereaie. Bot. Zhur,, 51, Ltl+6...l.J49 
(in Russian). 
Nobel, P.S., 1968. Energetic basis of the light-induced chloroplast 
shrinkage in vivo. Pl. Cell Physiol., 2_, 499-.509. 
Ogunkanmi, A.B., Tucker, D.J., & Nansfie1d, T.A., 197.3. An improved 
·bio-assay for abscisic acid and other antitranspirants. 
)09 
New Fhytol., 72, 277-282,. 
Pa:Hwa1, G.S., 1969. Stomatal ontogeny and phylogeny. I. ~1onocotyledons. 
Ac.ta. Bot. Necrl., 18, 654-668, 
Pallaghy, C.K •. , 1971. Stomatal movement and potassium transport in 
epidermal strips of Zea mays; the effect of co2 • 
Planta (Berl.), 101, 287-295:. 
Pa:llas, J .E., 1966. Mechanisms of guard cell action. 
Quart. Rev. Biol. , 41, 365-J8J. 
PaUas, J.E., &Nollenha:uer, H.H.,1972. Physiological implications 
of Vicia faba and Nicotiana tabacum guard cell ultrastructure. 
A mer. J. Bot. , .22,, 5o4-514. · 
Pallas, J.E., & \4right, B.G., 1973. Organic acid changes in the 
epidermis of Vicia faba and their implication in stomatal 
movement. Plant Physiol., ~. 588-590. 
Pant, D. D., 1965. On the ontogeny of stomata and other homologous 
structures. Plant Sci. Ser., Allahabad, !.• 1-24 
Pant, D.D., Naotiyal, D.D., & Singh, S., 1975. The cuticle, epidermis 
and stomatal ontogeny of Casuarina eguisetifolia Forst, 
Ann. Bot. , ,22, 1117-112}. 
Payne 1 y/ o ~~ o 1 1970 o Helicocytic and allelocytic stomata: · unrecognised 
patterns in the dicotyledonae. Amer. J. Bot., .IZ.o 140-147. 
Pearse, A.G.E., 1972. Histochemistry: Theoretical and Applied. 
Churchill Livings tone, Edinburgh & London. 
Pearson, C.J., 1973. Daily changes in stomatal aperture and in 
carbohydrates and malate within epidermis and mesophyll 
JlO 
of leaves of Commelina cyanea and Vicia faba. 
Austr. J. biol. Sci., 26, 10)5- lo44. 
Bearson, C.J., & Milthorpe, F,L., 1974. Structure, carbon dioxide 
fixation and metabilism of stomata. Austr. J. Plant Physiol., 
1_, 221-2)6. 
Penny, l1.G., & Bowling, D.J.F., 1974. A study of potassium gradients 
in the epidermis of intact leaves of Commelina commtmis in 
relation to stomatal opening. Planta (Berl.), 119, 17-25. 
Penny, M.G., Kelday, L.S., & Bowling, D.J.F., 1976. Active chloride 
transport in leaf epidermis of Commelina communis in 
relation to stomatal activity. Planta (Berl.), 1)0, 
291-294. 
Pizzolato, T.D., Burbano, J.L., Berlin, J.D., ~lorey, P.R., & Pease, R.W., 
1976. An electron microscope study of the path of water 
movement in transpiring leaves of Cotton (Gossypium hirsutum L.) 
J. exp. Bot., 27, 145-161 
Prat, H., 196o. Vers une classification naturelle des Graminees. 
Bull. Soc. Bot. France, 107, 51 
Raghavendra, A.S., Rao, I.M., Das, V.S.R., 1976. Shrinkage of guard 
cell chloroplasts in relation to stomatal opening in 
Commelina benghalensis. Ann. Bot., 4o, 899-901. 
Raju, E.C., Pa.tel, J.D., & Shah, J.J., 1975. An uncommon wall 
thickening of guard cells~ Ann. Bot., J2, 125-127. 
Raschke, K., 1975. Stomatal action. 
)09-)40. 
311 
Ann. Rev. Plant Physiol., 26, 

Raschke, K., 1!976. Tran:.;1.'er of ions and products of photosynthesis 
to guard cells. In Transport and transfer processes in 
plants. M. J. F. \'iardlaw & Passiouril,, J, B. 
Academic Press; New York, San Francisco, & London. 
Raschke, K., & Fell01~s, M.P., 1971. Stoma tal movement in Zea mays: 
Shuttle of potassium and chloride between guard cells and 
subsidiary cells. Planta (Berl.), 101, 296-316. 
Raschke, K., ·&Humble, G. D., 1973. No uptake of anions required by 
opening stomata of Vicia faba: guard cells release hydrogen 
ions. Planta (Berl. ), ll:5, 47-53. 
Raschke, K., & Pierce, N., 1973. Uptake of sodium and chloride by 
guard cells of Vicia fa.la. Plant Res. 1972: MSU/AEC 
Plant Res. Lab., Mich. State Univ., 146-149. 
Reeve, R.M., 1959. A specific hydroxylamine-ferric chloride reaction 
for histochemical localization of pectin. _Stain Technol., 
J!±., 209-211. 
Rehfous, L., 1917, Etude sur les stomates. Bull. Soc. Bot. Geneve, 
Ser. 2, 2• 245-350 
Reuter, L., 1942. _Beobachtungen an den Spaltoffnungen von Polypodium 
vulgare in verschiedenen Entwicklungsstadien. Ein Beitrag 
zur Protoplasmatischen Anatomie. Protoplasma_, .1§., 321-)44. 
Reynolds, E.S., 1963. J.. Cell Biol. , !Z.o 208. 
Sawhney,. B.L., & Zelitch, I., 1969. Direct determination of potassium 
ion accumulation in guard cells in relation to .stomatal 
opening in light. Plant Physiol., 44, 1350-1354. 
Sawyer, l4.H., 1932. Stomatal apparatus of the cultivated cranberry 
312 
Vaccinium macrocarpon. Amer. J. Bot., ,!2., .508-51). 
Sayre, J.D., 1926. Physiology of stomata of Rumex patientia, 
Ohio J. Sci., 26, 2JJ-266. 
Schnabl, H., 1976. Der Einfluss von AluminiUJnionen auf ·den Starkc-
metabolismus von Vicia fata-epidermen. Z, Pflanzenphysiol. , 
'll_, 167-17). •-·' 
Schnabl, H., &Ziegler, H., 1975, Uber die Wirkung von Aluminiumionen 
auf die Stomatabewegung von Vicia fata...,epidermen. 
Z. Pflanzenphysiol., ~. J94-40J, 
Schnepf, E., 1959. Untersuchungen uber Darstellung und Bau der 
F.Jdodesmen Wld ihre Beeinflussung durch physikalische 
Faktoren. Plan~ (Berl.), ~. 644-708. 
Schonherr, J. , & Bukovac, N. J. , 1 970a. Preferential polar pathways in 
the cuticle and their relationship to ectodesmata, 
Schonherr, J., & Bukovac, M.J., 1970b. The nature of precipitates 
formed in the outer cell wall following fixation of leaf 
·tissue with Gilson solution. Planta (Berl. ) , 92, 202-207. 
Shaw, 11., & Ma.clachlan, G.A., 19_54. The physiology of stomata, I. 
Carbon dli..oxide fixation in guard cells. Canad. J. Bot., 
;g, 784-794. 
Sheriff, D. W., & l1eidner, H., 1974. Water pathways in leaves of Hedera 
helix L. and Tradescantia virginiana L. J. exp. Bot., 
E.2_, 1147-1156. 
Sheriff, D.W., & Meidner, H., 1975. Correlations between the unbound 
water content of guard cells and stomatal aperture in 
Tradescantia virginiana L. J. exp. Bot., 26, Jl5-Jl8. 
JlJ 
Sievers, A., 1959. Untersuchungen uber die Darstellbarkeit der. 
Ektodesmen . und ihre Beeinflussung durch physila.lishe 
Faktoren. Flora (Jena), i47, 263-31!6. 
Singh, A.P., & Srivastava, L.H., 1973. 
'Protoplasma, 76, 61-82. 
The fine structure of .pea stomata, 
Spurr, A. R. , 1969. A low viscosity epoxy resin embedding medium for 
electron microscopy. J. Utrastruct. Res., 26, 31-43. 
Squire, G.R., & ~lansfield, T.A., 1972. A simple method of isola:t.ing 
stomata on detached epiderniis by low pH treatment: 
observations of the importance of the subsidiary cells. 
Neu Phytol., 71, 1033-1043. 
Squhe, G.R., & Hansfield, T.A., 1974. The action of fusicoccin on 
stomatal guard cells and subsidiary cells. 
n_, 433-ll4o. 
New Phytol., 
Srivastava, L.M., & Singh, A.P., 1972. Stomatal structure in corn 
leaves. J. Ultrastruct. Res;,~. 345-365. 
Stalfelt, M.G., 1929, 
720-734. 
Pulsierende Blattgewebe. Planta (Berl. )., z, 
Strasburger, E., 1866/7. 'Ein Beitrag zur Entwicklimgsgeschichte der 
Spaltoffnungen. Jb. wiss. Bot., 2• 297-342. 
Stuart, T.S., 1968. Revival of respiration and photosynthesis in· 
dried leaves of Polypodium polypodioides. Planta (Berl, ), 
§l, 185-206. 
Ta.nton,· T.W .• , & Crowd.y, S.H., 1972. Water pathways in higher plants, II. 
J, exp. Bot., Sl• 619-626. 
Jl4 
Thomas, D.A., 1975. Stomata . In Ion transport in plant cells and 
tissues. Ed. D.A. Baker, & Hall , J.L. North-Hollat1d 
Publishing Co., U.K. 
Tomlinson, P.B., 1966. Anatomical data in the classification of 
Commelinaceae . J. Linn . Soc. (Bot.), j2, 371-395. 
Tomlinson, P.B., 1969. Commelinales- Zingiberales. In Anatomy of 
f•1onocotyledons. Vol III. Ed . C.R. Metcalf&. 
Clarendon Press, Oxford. 
Tomlinson, P.B., 1974. Development of the stomatal complex as a 
taxonomic character in monocotyledons . Taxon, .?2_, 109-128 
Turner, N.C., 1973. Action of fusicoccin on the potassium balance of 
guard cells of Phaseol us vulgaris . A mer . J. Bot. , 60 , 
717-725. 
Van Cotthem, W., 1970. Comparative morphological study of the stomata 
in the Filicopsida. Bull . Jard . Bot . Nat . Belg., 40, 81-239. 
The ultrastructure of the stomatal 
apparatus in Gymnosperms (with special reference to stomatal 
movements). Bot . Zhur., 61 , 449-465. (in Russian) 
Willmer, C.M., Kanai , R., Pallas , J.E., & Black, C.C. 1 1973. Detection 
of high levels of phosphoenolpyruvate carboxylase in leaf 
epidermal tissue and its significance in stomatal movements . 
Life Sci ., 12, 151-155. 
Willmer, C.H., & Hansfield, T.A. 1 1969. A critical examination of the 
use of detached epidermis in studies of stomatal physiology. 
New Phytol ., 68, 363-375. 
~lillmer , C~M. 1 & Hansfield, T.A. 1 1970. Effects of some metabolic 
315 
I, 
inhibitors and temperature on ion-stimulated stomatal 
opening in detached epidermis. New Phytol. , §2., 98)-992. 
\11Umer, C.H.,, & Paflas, J .E., I97J. A survey of stomatal movements 
and' associated potassium fluxes in the plant kingdom. 
Canad. J. Bot. , .21:.• J7-42. 
~liH!mer,, C.M., & Pallas, J.E., 1974. Stomatal movements and ion fl:uxes 
within epidermis of Commelina communis L. 
252, Ji26-l27. 
Nature (Lond.), 
~lillmer, C.H., Pallas, J.E., &Black, C.C., 197J. 
metabolism, in leaf epiderma1 tissue. 
448-452. 
Carbon dioxide 
Plant Physiol. , ~. 
Wright, S.T.C., 1969. An increase in the 'inhibitor-b' content of 
detached wheat leaves following a period of wilting. 
Planta (Berl. ), 86, 10-20. 
Yamada, Y., Rasmussen, H.P., Bukovac, M.J., & Wittwer, S~H., 1966. 
Binding sites for inorganic ions and urea on isolated 
cuticular membrane surfaces. A mer. J. Bot. , _a, 170-172 
Ziegenspeck, H., l9J7/9. Die Micenierung der Turgeszenrnechanisrnen. 
Ten I. Die Spa.ltoffnungen (!nit phylogenetischen Ausblicken}. 
Bot. Archiv., ~. 268-)09, JJ2-J72. 
Zimrnerman, W., 1926. Die Spa.ltoffnungen der Psi~ophyta und Psilotales. 
Zeitschr. Bot., 12• 129-170. 
Zelitch, I., 1967. Control of leaf stomata - their role in tmnspiration 
and photosynthesis. Arner. Sci., 22• 472-486. 
Jl6 
I 
I APPENDIX 1 · 
: HISTOCHEMICAL PROCEDURES 
2.1. Tetraphenylboron method for potassium (ColleHij~, 196.3) 
1. Treat sections with 2% aqueous sodium tetraphenylbcron at 22°C for 
5 minutes. 
2. Wash in J changes of distilled water. 
· J. Stain in 1% Chloroauric acid for 10 minutes. 
4, ~/ash in J changes of distilled water. 
2.2. Macallum's stain for. potassium (Nacallw,l, 1905) 
Dissolve 20 g cobalt nitrite and .35 g sodium nitrite in 75 cmJ of 
dilute acetic acid (10 cmJ of glacial acetic acid diluted to 75 cm3). 
After the evolution of nitrogen peroxide ceases, filter, and make up 
to lOO cmJ. The double salt .. solution should be stored in a refrigerator. 
1. Rinse the tissue briefly in ice-cold water. 
2. Stain in ice-cold solution of double salt (see. above) for JO minutes. 
J. Wash thoroughly in ice-cold water for JO minutes. 
4. Precipitate the triple salt in 5% ammonium sulphide for 5 minutes. 
5. Wash thorouc;hly in ice-cold distilled water for 5 minutes. 
N. B. The times of the various treatments arepurely arbitrary, but see 
Chapter 2. 
2. J. Modified !-!a call um stain. 
1. Rinse tissue in absolute ethanol for 10 s. 
2. S.tain in7,5%aqueous sodium cobaltinitrite solution for 10 minutes. 
J, \{ash thoroughly in absolute ethanol for 60 s. 
Jl7 
4. Precipitate the cobalt in .5% ammonium sulphide fo:r. 2 minutes. 
5. \~ash thoroughly in absolute ethanol for 60 s. 
1. 
2. 
J. 
6.1. Gilson fixative for ectodesmata (Schnepf, 19.59) 
0 Epidermal tissue fixed in Gilson's fixative for l2 h at )8 C. 
. Washed in JO% ethanol for 4.5 minutes. 
Stained for 10 minutes in 16% potassium iodide. 
Isolation of ehdocuticle. 
Epidermal strips were carefully floated with their sides adjacent to the 
mesophyll uppermost on concentrated nitric· acid. The acid was than 
carefully brought to the boil and allowed to simmer. Periodically 
the epidermes were carefUlly removed on a glass slide, transfered to 
water and washed thoroughly, and examined under the microscope. With 
care, it has been found possible to obtain very good results despite 
the crudity of the method. It has the advantage of being very rapid. 
1. 
2. 
. J. 
7.2. Nile Blue nrocedure for total lipids (Cain, 1947) 
Stain in 1% Nile blue at J7°C for JO s. 
o· Differentiate in 1% acetic acid at 37 C for JO s. 
Wash in distilled ~1ater • 
7.). Sudan dyes for total lipids (Baker, 1947; Gomori, ~952) 
1. Place sections in .50% ethanol for J minutes. 
2. Stain in Sudan IV or Sudan black B (saturated solutions in 70% 
ethanol) for 1.5 minutes. 
). Differentiate in 50% ethanol for 60 s. 
7.4 Toluidine blue (Drawert, 1942) 
A 0,01% aqueous solution was used which was adjusted to to pH ),9 with 
hydrochloric acid. 
)18 
7.5. Pectinasa. 
A 2% aqueous pectinase _solution was used at room temperature. The 
pectinase used was Polygahcturonase, Poly-a-1,4 galacturonide 
glycanohydrolase purified from Aspergillus niger (Sigma Chemical Co., 
Kingston-upon-Thames, Surrey; cat. no. P.4625). 
7. 6. Periodic Acid-Schiff 's stain for total carbohydra tee . 
(Hotchkiss, 1948;: 11cManus, 1948). 
1. Sections placed in 0,5% aqueous periodic acid solution for 0,5 h. 
2. We.sh in running water for 10 minutes. 
J, Stain in Schiff's reagent for 15 minutes, 
4. Rinse sections in water. 
5. Treat with ~fo sodium bisulphite for 90s. 
6. Wash in running ~rater for 7 minutes. 
7.7. Ruthenium red method for pectic substances, 
(Johansen, 1940). 
Sections stained in a 0, 02% aqueous solution·- of ruthenium red until it 
is visible in the cell walls. 
7.8. Hydroxylamine - ferric chloride method for pectin, 
(Reeve, 1959). 
1. Place tissue in 5 drops of alkaline hydroxylamine solution for 
5 minutes. 
2. Add 5 drops of 1 part concentrated hydrochloric acid and 2 parts 
of 95% ethanol. 
J. Remove excess solution. 
4. Flood section with 10% solution of ferric chloride in 6Q% ethanol 
conatining 0,1 N hydrochloric acid. 
Jl9 
8.1. Acetic orcein stain for chromosomes, (Jensen, 1962). 
A 1% orcein solution in.45% acetic acid was used, 
12.1. Chloride histochemical stain, (Gersch, 19)8; 
Gomori, 1952). 
1. Place tissue in a 0,5% solution of silver nitrate in 95% ethanol 
for 0,5 h at 5°C. 
2. Wash in distilled water for JO s. 
J, Treat with 0,5% nitric acid for 5 minutes. 
4. Develop in Acutol, 
5. Fix in Fix-Sol. 
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j APPENDIX 2 
. TRANSMISSION ELECTRON MICROSCOPE liECHNIQUES 
Typical fixation and embedding programme. 
Tissue vacuum infilter:3d with 1,5% glutaraldehyde in 0,025 N 
cacodylate buffer at pH 7,0 for 1 hat room temperature. 
1,5% glutaraldehyde in 0,025 M cacodylate buffer at pH 7,0 for 1 h 
0 
at 0 C. 
c. 6,0% glutaraldehyde in 0,025 11 cacodylate buffer at pH 7,0 and 0°C 
overnight. 
d. ~lash in 0,025 N cacodylate buffer for 20 min. 
e. Wash in 0,025 H cacodylate buffer.for 20 min. 
f. ~lash in 0,025 N cacodylate buffer for 20 mih. 
g. 2% osmic acid in 0,025 H. cacodylate buffer at pH 7,0 for 2,5 h. 
h. Wash in 0,025 11 cacodylate buffer for 5 min. 
-
i. \'lash in 0,025 11 cacodylate buffer for 5 min. 
j. \>lash in 0,025 11 cacodylate buffer for 5 min. 
k. 5CYJb acetone for 15 min. 
I.,·'. 7C/fo acetcine overnight. 
m. 9C/fo acetone for 15 min. 
n. lOO% acetone for 1 h. 
o. lOO% acetone for 1 h. 
p. Infiltrate 1 Spurr resin J acetone for 1 h. 
q. Infiltrate 2 Spurr resin 1 2 acetone for 1 h. 
r. Infiltrate J Spurr resin 1 acetone for 1 h. 
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s. Infiltrate· with pure Spurr resin for 1 h. 
t. Infiltrate with pure Spurr resin for 1 h. 
u. Leave in pure Spurr resin overnight. 
v. Cure in fresh Spurr resin for 8 h at 70°C. 
Spurr Resin (Spurr, 1969). 
Spurr resin (Spurr, 1969), supplied by Taab Laboratories, Reading. 
epoxy resin ERL 4206 iO,O g 
" 
additive DER 7J6 6,0 g 
hardener N.S.A. 26,0 g 
accelerator S-1 0,4 g 
~-microtomy stains for thin sections, 
Uranyl acetate (Brody, 1959). 
The sections trere stained with a saturated aqueous solution of 
uranyl acetate in the dark for JO min. After staining the sections 
were thoroughly washed in distilled water, 
Reynolds' lead citra.te (Reynolds, 196J), 
a. Lead citra.te prepared by mixing l,JJ g of lead nitrate, 1,76 g 
of sodium citrate, and JO cmJ of distilled water. 
b. Mixture.shaken for 1 min; allowed to stand for JO min with 
intermittent shaking. 
c. 8 cmJ of N sodium hydroxide was then added and the solution made 
up to 50 cmJ with distilled water. Centrifuged if necessary. 
The sections were stained for io min in the presence of sodium hydroxide 
pellets in a petri dish. The sections were washed thoroughly in 
J22 
distilled water after staini1~. 
Post-microtom;,·_ stains for thick sections. 
Either 0,5 % methylene blue dissolved in 1% boracic acid or l% · 
aqueous safranin was used. The thick sections were covered by a drop 
of either of these stains and then placed under a mercury lamp for 
l mln. Superfluous stain was then removed by careful washing with 
distilled water. 
Formvar coating of grids. 
A 0,5% solution of polyvinyl formal in chloroform was poured into a 
clean glass dish. A clean microscope slide was washed in water and 
dried off with Velin tissue (Taab Laboratories, Reading) until it 
'squeaked'. The slide, held at one end with forceps, was then 
lowered into the formvar solution and immediately withdrawn and excess 
solution allowed to drip off one end. The slide was then dried under 
a lamp and the extreme edge .of one face of the slide was scored with a 
needle. The formvar enclosed by the sqored edges was then floated 
off in a dish of distilled water and grids placed upside down over the 
formvar skin. 'l'he grids plus formvar coating were then picked up 
with a piece of suitably-sized thin card. The formvar-coated grids 
were finally coated with carbon in an Edwards EJ06 Vacuum Coating .Unit 
(Ed~ra.rds High Vacuum, Crawley) . 
J2J 
' I APPENDIX 3 
··-
; POROMETRY CARIUARY RESISifANCES 
The capillary resistances were constructed from·a variety of 
·broken thermometers and polarograph capHlaries tq approximate 0,1, 1, 
and• 10 Gregory and Pearse unit resistances (Gregory & Pearse, 19)4). 
The internal dimensions of the . eaplllaries. were determined by filling ; 
. . 
each with a short column of' mercury which was measured with Vernier 
callipers and weighed. The radius of the capillaries \•ere then determined 
from the formula (Gregory & Pearse, 19)4): 
2 1t r x length of column weight of mercury density of mercury 
Having established the internal dimensions, the length of 
each capillary to be cut off to give the desired resistances in Gregory 
and Pearse units was calculated from Heath's determination (Heath, 1939) 
that 1 Gregory and Pearse unit equals the unit resistance of a cylindrical 
tube for which 14 = 3,77 x 10
8 
cm-3. 
r 
A typical ca'libration curve for a resistance approxl!mating 
0,1 Gregory and Pearse units is illustrated in Plate A.J.l,, overleaf. 
J24 
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I APPENDIX 4 
! STA liiSliiCAL ANALYSES 
In the statistical analyses below, the figures quoted for means, 
standard deviations, and standard errors are in ym. Probabilities are 
* -denoted by asterisks: less than 5% 
-less than 2,5% 
*!HI- less than 1% 
*!HI-* less than 0,1% 
4.1. Experiment 11.1 (20 x 6 replicates) 
Treatment Ne an Standard deviation Coefficient of variation 
Pre-
treatment 0,37 0,57 155,22 
pH 3,5 10,55 1,64 15,57 
pH 4,0 10,84 2,11 19,48 
pH 4,5 14,13 J,o4 21,51 
pH 5,0 15,49 2A3 15,12 
pH 5,5 15,74 2,84 18,01 
pH 6,0 13,48 2,52 18,69 
J25 
4.2. Experiment 11.2 (20 x 6 repl:!.cates) 
Source of Sum of. Degrees of Nean F-test variation squares freedom. squares 
Among samples 406.,89 5 9),)8 
**** Io4,l 
Within replications 640,)6 714 0,90 
Total variation llo7,25 719 
~ Experiment ll.J (20 x 6 replicates); citrate buffer. 
Treatment He an Standard error Coefficient of variation 
Pre-
treatment 0,62 0,11 1)7,92 
pH ),5 5,15 O,Jl 65,93 
pH 4,0 ),79 0,21 61,64 
pH 4,5 2,0) 0,15 8o,J9 
pH 5,0 1,98 0,14 77,82 
pH 5,5 2,)2 0,15 71,55 
pH 6,0 ),90 0,16 45,15 
. 4.4. Experiment ll.J (20 x 6 replicates); .phosphate buffer. 
' 
----- ---
Source of Sum of Degrees of Nean F-test 
variation squares freedom squares 
Among samples 2,24 5 0,45 
4,08 
Within replications 78,)9 714 0,11 
Total variation 80,6) 719 
)26 
~ Experiment 11.4 (JOx J replicates) 
' 
Treatment 57.J m-2 s-1 108 J m-2 s-l -2 -1 137 J m · 6 
:Treatment Ne an S i:.a. ndard Mean Standard 11ean Standard 
,period error error error 
' ' 
0 h 0,2 0,07 0,1 0,06 0,1 0,06 
0,25 h 2,0 0,20 2,1 0,17 2,9 0,29 
0,50 h 2,9 0,14 J,J 0,2) 4,7 0,27 
Q,75 h ),8 0,16 4,5 0,17 5,2 0,29 
1,00 h 4,4 0,18 4,5 0,17 ' 7,0 0,40 
1,25 h 5,2 0,16 5.) 0,19 7,2 0,41 
":: 
b. ~Oh 5.5 0,16 6,J 0,21 9,J 0,)6 
1,75 h 5,1 0,21 
' 
7,0 0,20 8,o 0,44 
2,00 h 6,9 0,20 6,4 0,16 10,2 O,JO 
2,25 h 7,5 0,19 7,2 0,13 11,1 o,IJ.6 
2,50 h 7,5 0,)0 7,9 0,21 9,,7 0,44 
2,75 h 6,0 0,18 8,0 0,2) 9,6 0,40 
),00 h 7.5 0,12 7.9 0,20 9,9 O,JJ 
),25 h 7,8 0,22 8,) 0,17 11,0 0,)9 
),50 h 8,2 0,21 8,9 0,22 11,8 0,)8 
),75 h 8,4 0,)8 8,7 0,18 9,9 0,52 
4,00 h 7 •. 9 O,Jl 8,6 0,2) 11,9 0,)6 
4,25 h 8,4 0,21 8,8 0,18 11,2 0,51 
4,50 h 8,7 0,,22 9,1 0,24 11,3 0,)5 
4,75 h 8,5 0,22 9,2 0,19 11,3 0,50 
5,00 h 8,6 0,23 10,6 0,2) 10,7 0,)6 
5,25 h 9.5 0,24 9.3 .0,22 11,3 0,)6 
' 5,50 h 9,1 0,27 9,6 0,25 11,2 0,)7 
5.75 h 8,) 0,26 8,8 0,2J 10,7 0,43 
6,00 h 9,7 0,23 8,4 0,21 11,5 0,)6 
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4,6. Experiment 11.5. (20 x 6 replicates) 
Treatment Mean Standard errcr Coefficient of variation 
I 
Pre,-
treatment 0,0 0,02 1095,45 
Control 9,1 0,16 18,86 
J:o-6 7,4 
.-
4J,Jl 0,29 
10-5 6,1 0,)6 65,)2 
10-4 
.5,6 0,)2 61,55 
10-J 0,2 0,06 Jl9,Jl 
lo-2 8,) 0,16 20,95 
4.7. Experiment 11.6. (20 x 6 replicates) 
Source of Sum of Degrees of 11ean F-test 
, variation squares freedom squares_ 
Among samples 11,60 5 .2,J2 
~lithin replicates .51),19 714 0,12 
J,2J 
'.!J'q-ta.i variation 524"79 719 
4,8. Experiment 11.7. (20 x 6 replicates) 
Source of Sum of Degrees. of . Mean F-test 
variation squares freedom squares 
Among samples 14,40 
- .5 2,88 
J,lO 
Within replicates 662,91 714 0,9) 
Total variation 677,Jl 719 
)28 
~· Experiment 11.8. (~0 x ~replicates) 
Treatment fo1ean S'.andard error Coefficient of variation 
Pre-
treatment 0,0 o,oo ? 
Control 8,6 0,17 2l,Jl 
lo-6 7,7 0,24 )4,24 
10-5 7.5 0,22 )2,08 
10-4 5.5 0,21 4),05 
10-J 0,9 0,11 147,46 
10-2 0,2 0,06 266,84 
4.10. Experiment 11.9. (20 x 6 replicates) 
Source of Sum Degrees of Mean F-test 
variation of squares freedom squares 
Among samples 479,)9 5 95,88 **** 116,22 
~li thin replicates 589,00 714 0,82 
Total variation 1068,)9 719 
~· Experiment 11.10. (20 x 6 replicates) 
Source of· Sum Degrees of Mean F-test 
variation of squares freedom squares 
Among samples lo40,11 .5 208,02 **** 
.: 218,lo 
Within replicates 68o, 71 714 0,9.5 
Total variation 1720,82 719 
J29 
4.12. Expc"riment 11.11. ,(20 x 6 replicates) 
Source of Gum Degrees of He an F-test 
variation of squares freedom squares 
Among samples 51,98 5 l0,4o **** 
Within replicates 116,75 714 
6]',58 
0,16 
~ota,l variation 168,74 7'19 
4.1.2_. Abscisic acid; (p. 2_54). (JO x J' replicates) 
'Treatment Mean Standard error 
Control 6,11 0,68 
10-11 6,59 0,70 
l0-9 5,52 0,99 
10-7 2,20 0,79 
l0-5 0,45 0,24 
·10-J 0,01 O,OJ 
I. 
li 
JJO 
